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FOREWORD 
This report is one of s e v e r a l  t o  be published from research con- 
ducted under NASA Contract NAS8-31773 ent i t led,  "Relat ionships  Between 
Severe Storms and Their Environment." This e f f o r t  i s  sponsored by the  
NASA Office of Applications under the direction of Marshall Space F l igh t  
'Center ' s  Aerospace  Environment Division. The r e s u l t s  p r e s e n t e d  i n  t h i s  
report  represent  only a por t ion  of t h e  t o t a l  r e s e a r c h  e f f o r t ;  Data 
used i n  t h e  r e p o r t  w e r e  taken from the AVE I V  Experiment conducted 
during the period beginning a t  0000 GMT on 24 Apri l  1975 and ending a t  
1200 GMT on 25 Apri l  1975. 
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ATMOSPHERIC ENERGETICS I N  REGIONS OF INTENSE CONVECTIVE ACTIVITY 
By Henry E. Fuelberg 
Center for Applied Geosciences, Texas A&M University 
1 
1. STATEMENT OF THE PROBLEM 
a. Introduction 
A knowledge of atmospheric energetics i s  b a s i c  t o  an understand- 
ing  of the atmosphere. A l l  atmospheric processes, ranging from the  
l a rges t  c i r cu la t ion  systems down t o   t h e  small.est turbulent motions, 
are accompanied by changes i n  energy. An understanding of the  in te r -  
act ion of t he  energy of these various scales of motion w i l l  he lp  ex- 
p l a in  and forecas t  many weather phenomena tha t  present ly  are not un- 
derstood.'  Thunderstorms are important daily weather producers which 
generate  large quant i t ies  of energy, but the role of thunderstorms in 
the atmospheric enerqy budget i s  not understood w e l l .  This research 
assesses  the  impact of two la rge ,  in tense  squa l l  l ines  on the synoptic- 
scale budgets of po ten t i a l  and k i n e t i c  energy during stages of squall 
l i n e  development. The use of rawinsonde data a t  3- and 6-h in t e rva l s  
permits the temporal resolution of f ea tu res  tha t  o rd ina r i ly  would be 
unresolvable with the 12-h da ta  tha t  a re  rout ine ly  ava i lab le .  
b.   Previous  studies 
The l i t e r a tu re  r evea l s  t ha t  most research in atmospheric ener- 
getics has focused on large-scale sys tems,  but suggests that small- 
sca le  systems, such as convective areas, may be important features 
of the large-scale energy budgets. 
1) The energetics  of  large-scale  areas 
Oort (1964), after reviewing the work of previous investiga- 
tors? described the atmosphere's primary energy cycle as beginning 
with the creat ion of mean available potential  energy due to  d i a -  
ba t ic  processes ,  which is then converted to eddy ava i lab le  poten t ia l  
energy, eddy kinetic energy, and f i n a l l y  t o  mean k ine t i c  energy. 
The annual cycle of atmospheric energetics in the northern hemi- 
sphere over a 5-year perlod has been described by Oort and 
Peix6to  (1974),  and  PeixGto  and  Oort  (1974) . Numerous s tudies  
have considered average energy conditions over specific large 
Graduate Assistant 
2 
areas of the earth and/or for time periods shorter  than f ive years ;  
some of these are the available potential  energy budget over the 
t rop ica l  At lan t ic  Ocean (Vincent, 19741, the kinet ic  energy balance 
over  the  t rop ica l  Pac i f ic  Ocean (Kung, 19741,  and the  energe t ics  
over North America (Kung, 1970). 
2 )  The energet ics  of l imited areas 
Individual synoptic-scale systems with wavelengths of several 
thousand kilometers and l i fe t imes of  several  days are important 
components of the average energy budget computed over large areas 
and  long t i m e  periods. Energetics research for such limited areas 
of the atmosphere is complicated by the presence of boundary-flux 
terms which vanish when t h e  e n t i r e  atmosphere i s  under consideration. 
Numerous studies dealing with the kinetic energy budgets of 
individual cyclones have been conducted. A summary o f  t h i s  work 
is  provided by Kung and Smith (1974) who noted that  a s ing le  
mature cyclone system can account for 1 /4  t o  1/3 of the middle- 
la t i tude energet ics .  Recent  s tudies  of individual cyclones have 
been made by Ward and Smith (1976) and Kornegay and Vincent (1976). 
A major conclusion reached by Vincent e t  a l .  (1974) i n  t h e i r  
k ine t i c  energy study of Hurricane Celia w a s  t ha t  t he  energy budget 
was dependent on the volume s i z e  used to  conta in  the  area of 
in te res t .  This  problem is  overcome when values of  terms i n  t h e  
energy budget equations are presented throughout the spatial and 
temporal extent of a cyclone instead of presenting then in terms 
of averages only. Such r e s u l t s  have  been  given  by West (1973) and 
Ward and Smith (1976) who could track in both time and space the 
important  energetic  processes  of  developing  cyclones.  Smith  (1973a) 
studied the kinetic energy budget of an anticyclone and found it 
t o   b e  a t r anqu i l  c i r cu la t ion  system when compared to  cyclones.  
Several  studies have considered various aspects of the poten- 
t i a l  energy budget of limited areas. Smith and Horn (1969) 
described the complete available potential energy budget for North 
America during March 1962, while West (1973) studied the budget of 
total  po.tentia1 energy during two cases of cyclogenesis. Gommel 
(1973) presented values of terms describing the conversion of 
3 
available potential  energy in Hurricane Celia,  while Kung (1974) 
has done the same for  an area over  the t ropical  Pacif ic  Ocean. 
The effect  of geographical heat sources and s inks on the generat ion 
of available potential energy has been studied by such authors 
as G a l l  and Johnson (19711, Bullock and Johnson (1971), and Anthes 
and Johnson (1968) . 
3) The energetics  of areas of convection 
Research indicates that  areas of intense convection produce 
e f f e c t s  on the surrounding atmospheric volumes t h a t  can be detected 
using  synoptic-scale  data. A u b e r t  (1957) showed t h a t  l a t e n t  
heat release associated with thunderstorms produced increases i n  
large-scale horizontal convergence below the  leve l  of maximum 
condensation and enhanced horizontal divergence above tha t  l eve l .  
H e  found decreases in values of geopotent ia l  height  in  the lower 
troposphere  and  increases  in  the  upper  troposphere. Ninomiya 
(1971a and b ) ,  u s i n g  s a t e l l i t e  p i c t u r e s ,  found that  the pre-  
ex i s t ing  flow a t  the cirrus level over tornado-producing thunder- 
storms  changed into outflow as the thunderstorms developed. The 
existence of a midtropospheric w a r m  core and a s i g n i f i c a n t  f i e l d  of 
convergence below 700 m b  was observed using synoptic-scale rawinsonde 
data ,  and the  downward convective transport  of horizontal  momentum 
was shown t o  intensify the low-level jet stream. Each of  these 
phenomena was a t t r ibu ted  to  l a t en t  hea t  r e l ease .  Fankhauser (1971.) 
indicated that mature thunderstorms may d i v e r t  and d i s t o r t  mid- 
t roposphe r i c  a i r  motion i n  a manner similar t o  t h a t  o f  s o l i d  ob- 
j ec t s .  While several  authors  have ind ica t ed  tha t  l a t en t  hea t  
re lease  i s  impor t an t  i n  o f f se t t i ng  the  f r i c t iona l  e f f ec t s  i n  a 
developing  cyclone  (Bullock and  Johnson,  1971;  Danard,  1964,  1966), 
Tracton  (1973)  and West (1973) have suggested t h a t  l a t e n t  h e a t  
re lease  p lays  a c r i t i c a l  r o l e  i n  i n i t i a t i n g  c y c l o g e n e s i s  i n  some 
instances.  
Since research has shown t h a t  areas of convection affect  
synoptic-scale fields of kinematic and thermodynamic quant i t ies ,  
the energy budget should be affected also,  but surprisingly l i t t l e  
work has been conducted to describe the energy changes.  Danard 
i 
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(1964, 1966) used numerical methods with and without the inclusion 
of l a t e n t  h e a t  t o  compute the  e f fec ts  of  a l a rge  p rec ip i t a t ion  area 
on ce r t a in  energy budget terms. The production of kinetic energy 
due t o   r i s i n g  a i r  and cross-contour flow w a s  enhanced considerably 
by l a t en t  hea t  r e l ease  whose e f f e c t  was of  the same order of magni- 
tude as that  caused solely by dry adiabatic processes.  The k ine t i c  
energy budget of atmospheric volumes surrounding trade wind cloud 
c l u s t e r s  i n  t h e  P a c i f i c  Ocean has been invest igated by Williams 
(1970) who found them to  be  ver t ica l  t ranspor te rs  of  k ine t ic  energy  
wi th  l i t t l e  in te rna l  genera t ion  or  d i ss ipa t ion .  Kine t ic  energy  was 
found t o  be imported in  the  lower half  of the troposphere,  trans- 
ported upward within the convective clouds,  and exported in  the 
upper  tropospheric  outflow. The kinetic energy budget for clear 
areas was considerably different  from tha t  o f  t he  c lus t e r s .  
The k ine t i c  energy budget of volumes enclosing areas of con- 
vection within the central  United States has been presented by 
McInnis and Kung (1972) using data from the rawinsonde network 
operated  by  the  National  Severe  Storms  Laboratory (NSSL). Their 
r e s u l t s  were reported in terms of spatial  averages for the entire 
NSSL area a t  var ious pressure levels  and times. Kinetic energy 
generation and d iss ipa t ion  were found t o  be maxima in  the  lower 
troposphere and a t  the je t  s t ream level .  Horizontal  inf low and 
ver t ical  outf low occurred in  the lower and middle troposphere while 
horizontal  outflow and ver t ica l  in f low were found near the j e t  
stream leve l .  
Much remains t o  be learned about the energetics of a l l  sca les  
of motion, but  addi t ional  s tudies  deal ing with scales  smaller  
than synoptic, such as convection, would appear  to  be espec ia l ly  
useful.  
c. Objectives 
The object ive of  this  research was t o  t e s t  t h e  hypothesis 
that systematic changes occur i n  the synoptic-scale energy budgets 
of atmospheric volumes enclosing areas of intense convection, and 
tha t  t hese  changes a re  r e l a t ed  to  the  l i f e  cyc le  of the convective 
. .. 
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areas and can be tracked i n  space and t i m e .  
To accomplish the objective it w a s  necessary to:  
1) Use energy  budget  equations  that   define  energetics  in a 
l imited region of the atmosphere and that allow the computation 
of boundary fluxes of energy and the interact ion of  the convect ive 
area with its surroundings. 
2 )  Develop analytical   procedures  for  evaluating  the  energy 
equat ions  tha t  y ie ld  accura te  resu l t s  wi thout  requi r ing  excess ive  
smoothing t h a t  would des t roy  s igni f icant  fea tures .  
3) Compute spa t i a l  f i e lds  o f  terms in  the  energy  budget equa- 
t i ons  a t  various pressure levels during the formation, maintenance, 
and d iss ipa t ion  of a reas  of intense convection. This was done t o  
r e l a t e  t he  loca t ions  and magnitudes of the energet ic  processes  to  
the  loca t ions  and l i f e  c y c l e s  of the convect ive act ivi ty  and other  
weather systems. 
4)  Compute average  energy  budgets  for volumes of various 
s izes  tha t  enc lose  a reas  of convection and nonconvection so t h a t  
results of this  invest igat ion could be compared with those of 
meteorological  systems of large scales .  The influence  of  intense 
convection on these systems could then be assessed. 
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2. THEORETICAL DEVELOPMENT 
The energy budget equations used in this study were proposed by 
West (1973)  based on suggestions by  Smith  (1970). Individual terms 
of the equations represent physical  processes that lead to changes 
i n  atmospheric energy and provide a means to  s tudy  the  in te rac t ion  
of  the l imited volumes under consideration with larger volumes. 
Highlights  of West's (1973) der ivat ion of these equations along 
with certain modifications are given i n  t h i s  s e c t i o n .  
A limited atmospheric volume, V,  possesses internal energy, I, 
due t o  i t s  temperature, T; gravi ta t ional  potent ia l  energy,  P, due 
t o  i t s  height,  z ;  and kinetic energy, K, due t o  i t s  vector  veloci ty ,  
V.  These  forms of  energy  are  given by 
-+ 
P = J  gp  zdV" and, 
V 
where c i s  spec i f ic  hea t  a t  constant volume, p is  densi ty ,  g is  t h e  
acceleration of gravity,  and VI' is a dummy variable  of in tegra t ion  
f o r  volume in tegra ls .  
V 
Wiin-Nielsen (19681, using the equation of mass cont inui ty ,  
presented the fol lowing equat ion that  is appl icable  for  a volume 
extending over a limited region of the atmosphere: 
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where b is any a r b i t r a r y  scalar defined i n   t h e  atmosphere, t is  time, 
and $ is the three-dimensional del operator. This eqoation may a l s o  
be wri t ten as 
o r  
The. l a s t  term i n  (6) i s  a boundary term t h a t  would vanish i f   i n t e -  
gra t ion  were performed over the entire atmosphere. 
When (6) i s  app l i ed  to  (1) and t h e  boundary of the volume is  
fixed in space,  the t ime rate-of-change of internal energy is given 
An expression for c - can be obtained by combining the thermo- 
dynamic equation  with  the  continuity  equation.  Equation ( 7 )  can 
then be writ ten as 
dT 
v d t  
where - is d iaba t ic  hea t ing  per  un i t  mass and p is  atmospheric 
pressure. 
dH 
d t  
When (6) is app l i ed  to  (2) ,  the  t i m e  rate-of-change of 
potential  energy €or a fixed volume i s  ,given by 
JV 
where w i s  t h e   v e r t i c a l  component of c. 
Fina l ly ,  when (6) i s  app l i ed  to  ( 3 )  and subs t i t u t ions  are made 
from the vector equation of motion, the time rate-of-change of 
k ine t ic  energy  for  a fixed volume can be writ ten as 
8 
where F i s  the three-dimensional frictional Eorce. 
-+ 
The f i r s t  term on the  r igh t  hand side of (10) and the  second 
term on the  r igh t  hand s ide  of (8) represent the conversion be- 
tween I and K i n  a l imited volume i f   t h e r e  i s  no boundary e f f ec t .  
These two "conversion" terms and the  boundary term a re  r e l a t ed  by 
The term on the  r igh t  hand side of (11) usually is r e fe r r ed  to  as 
the pressure work term or  the  boundary work term and vanishes 
when integrat ion is  performed over the entire atmosphere i f   t h e  
lower  boundary is  r i g i d .  Smith  (1970)  has shown tha t  t he  boundary 
term a l so  can be in te rpre ted  as the interact ion of  a l imited volume 
with  the  surrounding volume. When (11) is subs t i t u t ed  in to  (81, 
one obtains  
- 9 ,  (pcvTV)dV". + 
V 
The hydrostatic approximation i s  applied since it already has 
been used i n  computing the  rawinsonde da ta  tha t  se rve  as input  
for the budget equations. The assumption is  a potential  source of 
d i s to r t ion  in  th i s  r e sea rch  s ince  convec t ive  ce l l s  undergo non- 
hydros ta t ic  ver t ica l  acce le ra t ions ,  bu t  s teps  were taken  to  lessen  
t h i s  p o t e n t i a l  problem (see Section 3 ) .  
The v e r t i c a l  component of K becomes i r r e l evan t  i n  the energy 
budgets when the hydrostatic approximation i s  made and may be ne- 
glected (Wiin-Nielsen,  1968)  such t h a t  t h e  syrnbol K now represents  
only the horizontal  component of kinetic energy. The v e r t i c a l  ve- 
loci ty  required to  maintain hydrostat ic  equi l ibr ium is  then denoted 
by wR. With t h i s  assumption t h e  equations for I, P, and K become 
I d V " ,  (15) 
9 is the  two-dimensional del  operator ,  F2 is  the two-dimensional + 2 
-L 
f r i c t iona l  fo rce ,  and V is the  horizontal  wind vector.  The poten- 
t i a l  and in t e rna l  ene rg ie s  fo r  t he  en t i r e  ve r t i ca l  column of a 
hydrostat ic  atmosphere remain i n  a cons tan t  ra t io  (Pe t te rssen ,  
1956) and are given by P = - I where R i s  the gas constant. 
2 
R 
CV 
Total  potential  energy, TI, is defined as the  sum of in t e rna l  
energy and gravitational potential  energy and is  given by 
When (13)  and (14)  a r e  added, one obtains  the  time  rate-of-change 
of t o t a l  p o t e n t i a l  energy fo r  a fixed volume, 
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The sum of the  last two terms on t h e  r i g h t  hand side of (18) w a s  
approximated  by the  term 4 (PC 'I% dV", where c i s  spec i f ic  hea t  
a t  constant pressure.  Sample ca lcu la t ions  ind ica te  tha t  va lues  
obtained using the las t  two terms of (18) are smaller than those 
P P 
obtained using the approximation in the lower and middle troposphere 
and are larger than the approximate values i n  t he  upper troposphere 
and s t ra tosphere.  However, values obtained from the two methods 
genera l ly  d i f fe r  less than 25% so that conclusions based on the  
approximation are not  a f fec ted  s igni f icant ly .  
Transformation into the x, y, p, t system provides the final 
equat ions for  the horizontal  component of kinetic energy and t o t a l  
po ten t i a l  energy of a f ixed volume which a re ,  respec t ive ly ,  
and 
K 
rI 
+ +  
v2 .v2 
2 dpdA" , 
where A is the horizontal  cross-sect ional  area 
(20) 
of V and A" is a 
dummy var iab le  of integrat ion corresponding to  A. 
When (18) with i ts  approximation and (15)  a re  t rapformed in to  
the x,  y,  p, t system,  terms of the type bV *? p ,  a (pbV7) *? z ,  and 
bw - occur, where b is an a rb i t r a ry  sca l a r .  These terms can be 
neglected because they are generally two to  four  orders  of  magni- 
tude  smaller  than  the  remaining  terms.  Equations (18) and (15) 
+ 
aP 
aP 
2 P  a Z  P 
then become, respect ively,  
G 
" " .  . 
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where = -- dP and $ is the two-dimensional del Operator On a Constant 
pressure surface. 
d t  P 
The terms i n  ( 2 1 )  and ( 2 2 )  represent the following physical 
processes. The terms are denoted by symbolic notat ion which  does 
not  include  negative  signs. Term G i n  ( 2 1 )  represents  generation 
of potential  energy due t o  d i a b a t i c  e f f e c t s .  Conversion  between 
k ine t i c  and to t a l  po ten t i a l  energy due to cross-contour flow is  
denoted by term C i n  ( 2 1 )  and ( 2 2 ) .  Term PW of ( 2 1 )  def ines  
pressure work a t  the boundary which a l so  represents  in te rac t ion  
of the limited volume with the surrounding volume. The horizontal  
and v e r t i c a l  components of  the boundary f lux  of t o t a l  p o t e n t i a l  
energy are  given by terms H F  and VFn of ( 2 1 ) .  F ina l ly ,  is the  
loca l  change of t o t a l  po ten t i a l  energy t h a t  r e s u l t s  from the pro- 
cesses  just  descr ibed.  Sample ca lcu la t ions  ind ica ted  tha t  term 
- generally w a s  several  orders  of  magnitude smaller than the 
l a rges t  terms i n  ( 2 1 ) .  It w i l l  therefore  not  be included in sub- 
sequent discussions. 
K 
n a t  
an 
a t  
Local changes in  the  ho r i zon ta l  component of kinetic energy, 
- a K  i n  ( 2 2 )  a r e  due to four processes.  Term C has been described a t ,  K 
previously as conversion between the two forms of energy. The dis- 
sipation of kinetic energy is  denoted by term D. The exact in- 
t e rp re t a t ion  of t h i s  term is dependent on i ts  method of computation 
and is descr ibed  in  grea te r  de ta i l  in  Sec t ion  3 .  Terms H F  and VF K K 
represent the horizontal  and v e r t i c a l  boundary f luxes of  kinet ic  
energy. 
1 2  
Another quan t i ty  tha t  is of i n t e r e s t  
po ten t i a l  energy which is given by 
is the  release of ava i lab le  
where a is spec i f i c  volume. This term, which  Smith  (1969) c a l l s  
A-conversion, represents changes in available potential  energy 
due t o  t h e  v e r t i c a l  r e d i s t r i b u t i o n  o f  mass within the volume. 
Many published papers have used this term to  r ep resen t  energy 
conversion instead of the term C , which  Smith (1969) c a l l s  
K-conversion. Term C represents  direct   conversion between 
po ten t i a l  and k i n e t i c  energy only i f  t h e r e  i s  no boundary e f f e c t .  
The in te rac t ion  between the l imited volume and the surrounding 
volume can be inferred by comparing the values of terms CA and CK. 
K 
A 
Figure 1 i s  a schematic representation of the energy processes 
t h a t  are descr ibed in  (21)  and ( 2 2 ) ;  it is  a modified version of a 
figure presented by Smith (1970). The s o l i d  boxes represent  the 
limited atmospheric volume while the dashed boxes denote the 
surrounding volume. 
Equations  (19) t o  ( 2 2 )  are the energy budget equations that 
were used to  inves t iga te  the  re la t ionship  between energy processes 
and areas of intense convection. 
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Fig. 1. Energy transformations for a limited volume. 
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3.  DATA AND ANALYTICAL PROCEDWS 
a. AVE I V  experiment 
"
A da ta  set a t  t i m e  i n t e rva l s  smaller than the  usual 12-h in te r -  
va l  and encompassing a period of intense convect ive act ivi ty  was 
needed fo r  t h i s  s tudy .  Data from the fourth Atmospheric Var i ab i l i t y  
Experiment (AVE I V )  conducted on 24-25 April  1975, and sponsored by 
the National Aeronautics and Space Administration (NASA) met these 
requirements. 
1) Rawinsonde data  
Forty-two rawinsonde s t a t i o n s  p a r t i c i p a t e d  i n  t h e  AVE I V  ex- 
periment; these are shown i n  F i g .  2 and l i s t e d  i n  t h e  Appendix. 
Soundings were taken a t  nine times--24 Apri l  a t  0000 GMT, 0600 GMT, 
1200 GMT, 1500 GMT, 1800 GMT, and 2100.GMT, and  on 25 Apri l  a t  0000 
GMT, 0600 GMT, and  1200 GMT. 
Fig. 2 .  Rawinsonde s t a t ions   pa r t i c ipa t ing   i n   t he  AVE I V  
experiment. 
Data reduction procedures used to  process  the AVE IV rawin- 
sonde da ta  were designed to  obtain the most accurate r e s u l t s  
possible (Fuelberg, 1974). The r a w  angle and ord ina te  da ta  were 
checked f o r  e r r o r s  p r i o r  t o  c a l c u l a t i n g  t h e  soundings, and computed 
soundings then were rechecked with corrections made as required. 
Data were given a t  25-mb in t e rva l s  by Fucik and Turner (1975). 
Estimates of RMS e r r o r s  of the thermodynamic quan t i t i e s  are given 
i n  T a b l e  1 (Scoggins and Smith, 1973; Fuelberg, 1974). 
T a b l e  1. RMS e r r o r s  of thermodynamic quan t i t i e s  fo r  t he  AVE I V  data.  
Parameter Approximate RMS e r ro r  
Temperature 1 OC 
Pressure 1.3 mb sur face  to  400 mb 
1.1 mb between 400 and 100 mh 
0.7 m b  between 100 and 10 m b  
Humidity  10% 
Pressure Alti tude  10 g p m  a t  500 mb 
20 gpm a t  300 m b  
50 gpm a t  50 m b  
Recent s tud ies  have ind ica t ed  tha t  e r ro r s  i n  the  thermodynamic quan- 
tities may be even smaller than those given in Table 1 (Lenhard, 
1973; Brousaides,  1975). 
A n  e r ro r  sna lys i s  conducted by Fuelberg (1974) gave RMS e r ro r s  
of scalar wind speed and wind d i r ec t ion  fo r  t he  AVE IV baroswitch 
contact data.  Table 2 presents  these RMS e r r o r s  fox elevat ion angles  
of 40° arld 20°. RMS errors f o r  t h e  smoothed 25-mb data t h a t  were 
used i n  th i s  s tudy  would be somewhat smaller. 
Or ig ina l  s t r ip  cha r t s  from a l l  rawinsonde soundings were checked 
carefully to determine : if  sondes entered thunderstorm updrafts or 
downdrafts. ' D a t a  for four soundings'were removed from the  o r ig ina l  
da ta  set because the sondes apparently had entered violent  up- 
d ra f t s .  The p o t e n t i a l  f o r  d i s t o r t e d  r e s u l t s  due to  nonhydrostat ic  
accelerat ions w a s  thereby considerably reduced. 
I 
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T a b l e .  2. RMS errors of baroswitch contact wind da ta  fo r  t he  AVE IV 
data  a t  elevation angles of 40' and 20°. 
Level 
Elevation Angle Elevation Angle 
40 ' , 20' 
RMS Direction Error 
40 ' 20 ' 
RMS Speed Error 
700 m b  1.8' 3.8' 0.5 m s 1.0 m s 
500 mb 2.5' 5.6' 0.8 m s 2.0 m s 
300 mb 3.1' 7.5O 1.0 m s 3.8 m s 
100 mb 6.2'  15.0' 2.0 m s 5.7 m s 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
- .~ .~.  -  - - ~~~~ 
2 )  Surface  data 
A l l  available sur face  da ta  for  the  AVE I V  experiment were ob- 
ta ined from the National Climatic Center. Figure 3 shows locat ions 
of the 310 surface  stations  used.  Vector wind, temperature, dew 
point temperature, and surface pressure were read, keypunched,  and 
checked ca re fu l ly  fo r  e r ro r s .  
:..QJ 
Fig. 3 .  Locations  of  surface  stations  for  the AVE I V  area. 
-. . 
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3) Dig i ta l   radar   da ta  
Manually Digit ized Radar (MDR) da ta  were obtained from NOAA's 
Techniques Development Laboratory t o  determine accurately the in- 
t e n s i t y  and position of the radar-observed convection during the 
AVE I V  experiment. The MDR g r i d  network is shown in Fig.  4. MDR 
da ta  are coded with a s i n g l e  d i g i t  from 0 t o  9 t o  i n d i c a t e  areal 
coverage and echo intensity within blocks that are approximately 
83 km on a side.  T a b l e  3 is an explanation of t he  MDR code given 
by Foster and Reap (1973) . 
Maximum Coverage Maximum In tens i ty  
Code N o .  Observed I n  Box Rainfall   category
V I P ~  Values R a t e  ( i n  h-1) 
.~ 
0 No Echoes 
1 1 Any VIP1 <o. 1 Weak 
2 2 I 50% of V I P 2  0.1-0.5  Moderate 
3 2 > 50% of V I P 2  0.5-1.0  Moderate 
4 3 I 50%  of VIP3 1.0-2.0  Strong 
5 3 > 50% of V I P 3  1.0-2.0 Strong 
6 
7 
4 < 50% of VIP3 1.0-2.0  Very  Strong 
and 4 
4 > 50% of VIP3 1.0-2.0 Very Strong 
and 4 
8 5 o r  6 S 50% of VIP3, >2.0  Intense or 
4 ,  5,  and 6 Extreme 
9 5 o r  6 > 50% of VIP3, >2.0  Intense  or 
4, 5, and 6 Extreme 
. 
'Video Integrator Processor 
P lo ts  of  the  MDR da ta  were made each hour f o r  3-h periods cen- 
t e r ed  on each of the nine rawinsonde observation times. The three  
p l o t s  were then combined i n t o  a single chart  for each of the nine 
times by using the highest coded value reported for each block. 
Fig. 4. Manually Digit ized Radar (MDR) gr id  network. 
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b.  Analytical  procedures 
Analyt ical  procedures  can determine the success  or  fa i lure  of .  
an  experiment  and,  therefore, must be considered.carefully.  This 
section describes the procedures that were judged most advantageous 
fo r  t h i s  s tudy  and br ie f ly  d iscusses  e r ror  es t imates  of  terms i n   t h e  
budget equations using these procedures. 
1) Objective  analysis and  smoothing 
The computation of terms in the energy budget equations i s  
s impl i f ied  i f  da ta  a re  in te rpola ted  from randomly-spaced rawinsonde 
stations to equally-spaced grid points.  The gr id  network  used (Fig. 5) 
is centered over the AVE I V  da ta  area and has a spacing of 158 km. 
Barr " e t  a l .  (1971)  have shown theo re t i ca l ly   t ha t  a 169-km g r id  i n -  
terval  incorporates  as much d e t a i l  as i s  j u s t i f i e d  from the  rawin- 
sonde network over the United States. 
Human ana lys is  of data is still p re fe rab le  to  any object ive 
scheme that has been devised, but the number of analyses required 
rendered hand ana lys i s  unfeas ib le  for  th i s  s tudy .  There were  sev- 
eral  considerat ions in  the choice of  an object ive analysis  and 
smoothing procedure from the  severa l  tha t  a re  descr ibed  in  the  
l i t e r a t u r e .  Such a procedure  should  interpolate  data  accurately 
from s t a t i o n s  t o  t h e  g r i d  w i t h o u t  c r e a t i n g  f i c t i t i o u s  waves o r  
destroying real waves present in the data. Also, the desired 
r e s u l t s  of the procedure should be considered carefully with respect 
to the input data density.  Since the average spacing of  rawin- 
sonde s ta t ions over  the United States  i s  about 400 km, fea tures  
with wavelengths shorter than 800 km can never be described com- 
p l e t e ly  by  any object ive  analysis  scheme. Barr " e t  a l .  (1971) con- 
eluded that  consis tent  qual i ta t ive evaluat ion of  features  with 
wavelengths less than 1700 km is unlikely.  
An object ive analysis  scheme by Barnes (1964) was used i n   t h i s  
invest igat ion.  The procedure 'is commonly r e f e r r e d  t o  as SUCCeSSiVe 
co r rec t ions  to  a f i r .s t -guess  f ie ld .  Data from  each  rawinsonde 
s t a t i o n  w e r e  allowed to inf luence gr id  points  within a scan radius 
of three gr id  dis tances  while  four  i terat ions were allowed. 
To suppress small waves which cannot be tracked consistently, 
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Fig.  5.  Grid  used  for  numerical  computations. 
as w e l l  as those which might a r i s e  due to  the  ana lys i s  scheme and 
t o  reduce random e r ro r s ,  a n ine -po in t  f i l t e r  by Shuman (1957) w a s  
applied t o  the analyzed fields.  The f inal  resul t  re ta ined approxi-  
mately 90% of the amplitudes of wavelengths of 1600 km, while re- 
tention of wavelengths equal t o  800 km and 400 km was approximately 
63%  and 17%, respect ively.  These f i e lds  appea r  t o  r e t a in  a s  much 
d e t a i l  as can be justif ied from the input  data  and have shown very 
good agreement with hand analyses.  
The surface data  were analyzed using a scan radius of 2 g r id  
uni ts  with four  i terat ions.  This  produced smooth f i e l d s  from the 
high densi ty  surface data  that  meshed with the larger-scale rawin- 
sonde data .  
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Gridded analyses of height, temperature, wind components, and 
moisture content were produced a t  18 leve ls ,  i .e.  the surface and 
a t  50-mb i n t e rva l s  from 900 mb t o  100 mb, f o r  each of the nine t i m e  
periods. Winds a t  the  18  leve ls  were averages over 50 m b  t o  reduce 
fu r the r  random er rors .  These gridded values were s tored  on a com- 
puter  disk and formed the  working data  set  f o r  a l l  phases of the 
research. 
2)  Numerical evaluation  of  equations 
i. , Fini te   d i f fe renc ing   in tegra t ion .   Centered   f in i te   d i f -  
ferences were used t o  compute hor izonta l  der iva t ives ,  and a l l  ver- 
t ical  der ivat ives  except  those a t  the surface where forward d i f f e r -  
ences were used and a t  100 mb where backward differences were used. 
Time de r iva t ives  a l so  were evaluated using centered differences 
where possible,  but forward differences a t  t h e  f i r s t  p e r i o d  and 
backward differences a t  the las t  period were required. 
T e r m s  in the energy budget equations (19)  t o  ( 2 2 )  w e r e  com- 
puted a t  each  of the 18 levels previously described. These re- 
s u l t s  then were integrated over 50-mb l ayers  from the  sur face  to  100 
m b  using the t rapezoidal  rule .  Integrated resuLts  were s tored on a 
computer disk for  future  use.  Pr inted spat ia l  f ie lds  of  the energy 
budget terms were made for  the  layers  sur face  to  700 mb, 700 t o  
400 mb, 400 t o  100 mb, and su r face  to  100 mb by integrat ing over  
these layers .  Numerical evaluations were  performed on the Amdahl 
470/V6 computer a t  Texas A&M University. 
ii. Error  estimates.  Random e r ro r s   i n   i npu t   da t a   l ead   t o  
e r r o r s  i n  computed terms of the energy budget equations. Estimates 
of RMS er rors  expec ted  in  the  resu l t s  were made using the propagation 
of e r r o r  method (Young, 1962). 
The propagation of error method is  br ief ly  der ived as follows. 
I f  F is a function of X,  Y ,  and Z ,  and i f  t h e s e  are i n  e r r o r  by 
AX, AY, and AZ, then F is i n  e r r o r  by an amount AF which is given 
by the Taylor 's  series as:  
AF = - A X  + - A Y  + -Az. aF 8F aF ax ay az 
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The equation is v a l i d  i f  lk, AY, and AZ are small compared with - aF 
aF ay, and -- aF it i s  assumed t h a t  a l l  terms involving  squares,  higher 
ax, - az, 
powers, and cross products of AX, AY, and AZ are negligible,  and 
tha t  h igher  der iva t ives  are small in value.  After squaring both 
sides of (23)  and replacing each term by its average value, the 
rollowing equation is obtained when one assumes t h a t   e r r o r s   i n  X ,  
Y, and Z are independent and normally d i s t r ibu ted :  
where CJ denotes RVS e r r o r .  
Although t h e  b e s t  estimates of REIS e r r o r s  f o r  t h e  rawinsonde 
contact  data  were used t o  compute e r r o r  estimates of the energy 
budget terms, several  considerat ions suggest  that  the resul ts  prob-  
ably should be used only in terms of order of magnitude. First, 
RMS errors  for  object ively analyzed and smoothed f i e lds  o f  da t a  are 
d i f f i cu l t  t o  de t e rmine .  Secondly ,  the  e f fec t  o f  f in i te  d i f fe rence  
and integration procedures on e r r o r s  i s  d i f f i c u l t  t o  d e s c r f i e .  
F i n a l l y ,  t h e  e x t e n t  t o  which the input data agree with the assump- 
t i o n s  of the propagation of error  technique is not known f u l l y .  
Valuable  insight  into the error  problem was obta ined  in  sp i te  of 
the  d i f f icu l t ies  involved  in  e r ror  es t imat ion .  
The IWS error of each term in the kinet ic  energy equat ion,  (22 ) ,  
was  compared with the range of values expected for the term. The 
RMS errors  of  a l l  terms were found t o  be less than the expected 
va lues  in  the  lower and middle troposphere. The cross-contour flow 
term, C is t h e  most s ens i t i ve  a t  a l l  l eve l s ,  and i t s  e r r o r  ap- 
proaches the expected values near the j e t  stream leve l .  The er- 
r o r s  of the remaining terms of the kinetic energy equation near 
t h e  j e t  stream leve l  are small compared t o  expected values. 
K' 
Recent resul ts  by Vincent and Chang (1975) and Kornegay and 
Vincent (1976) indicated that random e r ro r s  i n  inpu t  da t a  do not 
a f f e c t  s e r i o u s l y  t h e  r e s u l t s  of kinet ic  energy s tudies .  After  
kinetic energy budgets were computed using real  da ta ,  random e r r o r s  
approaching the extremes t o  be expected were introduced into the 
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wind  and height  data  and the budgets were recomputed. Sign uncer- 
t a i n t y  w a s  found t o  be greatest  when t h e   o r i g i n a l   r e s u l t  w a s  near 
zero, but percentage changes between real and erroneous resul ts  de- 
creased as the  or ig ina l  va lues  become la rger .  Values of individual  
terms using erroneous data rarely exceeded or iginal  values  by a fac- 
t o r  of two. F ina l ly ,  the  t rends  of  resu l t s  and the i r  i n t e rp re t a -  
t ions almost always remained t h e  same regardless  of t he  e r ro r s  i n t ro -  
duced.  These f indings suggest  that  resul ts  based on the carefu l ly  
, checked AVE da t a  w i l l  be va l id .  
Random e r r o r  estimates of most terms i n   t h e   p o t e n t i a l  energy 
budget equation, (21), are r e l a t ive ly  small near the surface when 
compared t o  expected values ,  but  increase with al t i tude.  In  the 
upper atmosphere, terms HF 11, Wn, CK, and C possess  re la t ively 
l a rge  e r ro r s  compared to the expected values of t he  terms, but based 
on t h e  r e s u l t s  of Vincent and Chang (1975) and Kornegay and Vincent 
(19761, no problems in  in te rpre t ing  the  resu l t s  should  occur .  The 
RMS error  of  the pressure work term, PW, i n  (21)  i s  about two orders 
of  magnitude larger  than i ts  expected value. The problem occurs 
because t h i s  term is the sum of two component terms which are of 
nearly equal magnitude but  opposi te  s ign.  Great caution must be 
used in reaching conclusions based on term PW. 
A 
The d i f f i cu l ty  in  e s t ima t ing  e r ro r s  fo r  t h i s  t ype  of energy study 
again  should  be  emphasized.  McInnis and Kung (1972) s t a t e d  t h a t  
judgements on va l id i ty  of resul ts  usual ly  are  based on the systematic  
nature of those results and comparisons wi th  o ther  inves t iga tors .  
Kung and Smith (1974) poin ted  out  tha t  the  e f fec t  of random e r ro r s  
.can be reduced by averaging results over a la rge  number of points .  
Further comments on e r r o r  and in t e rp re t a t ion  of r e s u l t s  w i l l  be made 
i n  later sect ions.  
iii. Computation of v e r t i c a l  motion.  Large-scale  vertical 
motion cannot be measured d i r e c t l y ,  and no method current ly  avai lable  
for determining vertical motion is completely accurate. The kine- 
matic method w a s  used i n  this research because it involved the least 
stringent assumptions'and produces good r e s u l t s .  Details of  the 
procedures were given by  Wilson a d  Scoggins  (1976).  Terrain-induced 
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v e r t i c a l  motion was included, and a correct ion scheme by O’Brien (1970) 
was applied so the values of v e r t i c a l  motion a t  100 mb would equal  the 
values obtained by the  ad iaba t i c  method.  Wilson  and Scoggins adjusted 
values of v e r t i c a l  motion t o  z e r o  a t  100 mb. The adjustment factor 
s i g n i f i c a n t l y  a f f e c t s  v e r t i c a l  motion i n  levels above about 500 mb. 
Application of an adjustment factor i s  necessary because the accuracy 
of wind data  and result ing divergence calculations decrease with al- 
t i tude.  Adiabatic values a t  100 m b  were  chosen  because  they are ob- 
tained independently of kinematic values and a r e  more real is t ic  than 
an assumption of zero a t  each g r id  po in t .  
The kinematic method has been used widely in  previous research.  
Vincent ” e t  a l .  (1976)  suggested  that it is bet ter   than  the  quasi-  
geostrophic form  of the  omega equation. Further support  for the 
kinematic method has been given by such investigators as Chien and 
Smith (1973), Smith  (19711,  Fankhauser  (19691,  and Kung (1973). 
An unpublished study by Wilson a t  Texas A&M University indicated 
that  values  of k inemat i c  ve r t i ca l  ve loc i ty  r e l a t e  be t t e r  t o  a reas  
of prec ip i ta t ion  dur ing  the  AVE I V  experiment than do values of 
ad iaba t ic  ver t ica l  ve loc i ty .  
i v .   F r i c t iona l   d i s s ipa t ion  of kinetic  energy. Term D i n  (22 )  
w a s  determined as a residual .  Since diss ipat ion of k i n e t i c  energy 
in  la rge-sca le  c i rcu la t ions  is not understood fully (Smith  and 
Adhikary, 19741, computation as a res idua l  i s  the only object ive 
way t o  compute it without employing specif ic  theories  regarding 
i ts  nature (Kung and  Smith,  1974). Wlifle D conceptually represents 
thermodynamic f r i c t iona l  p rocesses ,  Kung and Smith pointed out  that  
when computed as a res idua l ,  it represents  the s ink of energy from 
the  l a rge r  g r id  sca l e s  of motion which should serve as input to the 
smaller subgrid scales.  It  also contains errors accumulated Zrom 
other  terms. Computation  of d i ss ipa t ion  as a residual  has  been used 
by McInnis and Kung (1972) i n  t h e i r  k i n e t i c  energy study of convec- 
t i ve  a reas  and by most other  invest igators  of  energet ics .  
v.  Diabatic  heatinq.  Diabatic  heating, term G i n  (21)  , is 
composed of l a t e n t  h e a t  release, sens ib le  hea t  t ransfer ,  and ra- 
d i a t iona l  e f f ec t s .  The l i t e ra ture  sugges ts  procedures  for  es t imat ing  
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each of these components, but each procedure requires specific as- 
sumptions which may o r  may not  be  t rue  a t  a pa r t i cu la r   po in t   i n   space  
and time. Term G w a s  evaluated from the  thermodynamic equation 
which g ives  the  ne t  e f f ec t  of the various components of d i aba t i c  
heating. This procedure has been used by Smith  and Horn (1969)  and 
West (1973). 
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4. SYNOPTIC  CONDITIONS 
Although no outs tanding  pressure  or  f ronta l  ac t iv i ty  occurred  
during the AVE I V  experiment, two large areas of intense convective 
a c t i v i t y  made the  pe r iod  idea l ly  su i t ed  fo r  t h i s  s tudy .  The synoptic 
analyses used in the following discussion are taken from Fucik 
and Turner  (1975) and a r e  similar to  facs imi le  ana lyses  made by the 
National Weather Service. 
Two a i r  mass types were dis t inguishable  a t  the surface over the 
AVE I V  network a t  the beginning of the experiment a t  0000 GMT on 24 
April  (Fig. 6 ) .  Warm,  moist,  maritime  tropical (mT) a i r  w a s  moving 
northward over t he  network with strong southerly flow around a high 
pressure center located about 500 km off the coast  of the Carolinas.  
This a i r  mass covered almost two-thirds of the  network extending 
from cen t r a l  Texas and Oklahoma eastward through a l l  of the Gulf 
Coast and Middle At lan t ic  S ta tes  and northeastward into the Ohio 
Val ley .  
A cold front, extending southwestward into Kansas from a 
moderately strong cyclone (1000 mb center) over northern Michigan, 
separated the mT a i r  from the cooler  and dr ier  cont inental  polar  
(cP) a i r  moving southward over the Northern Plains States. A warm 
front, extending southeastward from the cyclone into Pennsylvania, 
separated CP a i r  over New England from mT a i r  i n  t h e  Ohio Valley. 
A second cyclone (1000 mb center)  w a s  loca ted  in  cent ra l  Kansas with 
a cold front extending southward into west  Texas.  Surface  temper- 
a tures  over  the AVE I V  network ranged from about 25OC along the 
Gulf Coast to  about  10°C in the Northern Plains  States ,  and dew 
point temperatures ranged from about 2OoC t o  about - 1 O O C .  
The middle and upper tropospheric flow pattern was bas ica l ly  
zonal during the entire experiment with the polar jet  stream ex- 
tending roughly west-east from the Northern Plains  States  to  New 
England and the subtropical  je t  s t ream being located along the 
Gulf Coast States. W o  c lear ly  d is t inguishable  shor t  wave per- 
turbations with wavelengths of about 1500 km moved through the 
zonal flow during the experiment period and were responsible  for  
(a)  Surface. 
(b) 850 nb. 
I 
Fig. 6. Synoptic  charts for 0000 GMT, 24 A p r i l  1975 
(Fucik and Turner, 1975). 
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(c) 500 mb. 
(d) 300 mb. 
Fig. 6. (Continued) 
29 
much of the signizicant weather. There were a l s o  numerous shor te r  
waves (750-1000 km) which could be resolved only partially by the  
data network. The f irst  well-defined short wave  was associated 
with the cyclone over northern Michigan a t  the beginning of the 
period. The second wave w a s  still w e s t  of the  AVE IV network a t  
t h a t  time. 
The f i r s t  major outbreak of severe weather began j u s t  p r i o r   t o  
the  start of the AVE I V  experiment and w a s  associated with the cy- 
c lone  in  cen t r a l  Kansas and the w a r m  front extending northeastward 
into northern Missouri .  Maps of MDR data  are given i n  Fig. 7 f o r  
the nine time periods.  The area grew rap id ly  in  s t rength  and in- 
t ens i ty  so that tornado watches were issued for t h 8  a r e a  a t  0000 
GMT on 24 Apri l .  Radar tops extended a s  high a s  18.3 km (60,000 f t )  
with MDR values  as  high as  9 i n  th i s  uns tab le  a rea  where values of 
the K index were as h igh  as  38. The convect ive area or  squal l  
l i n e  reached maximum i n t e n s i t y   a t  about 0600 GMT while moving south- 
eastward. The area decreased i n  i n t e n s i t y  t o  shower a c t i v i t y  by 
1500 GMT while the cyclone i n  cen t r a l  Kansas remained s ta t ionary .  
There were numerous reports  of  hai l  and tornadoes associated with 
this convective system. 
Light rain and r a i n  showers with radar tops below 7.6 km 
(25,000 f t )  occurred along and above the warm front  associated with 
t h e  f i r s t  s h o r t  wave a s  it moved eastward as a s tab le  wave t o  a 
posit ion about 250 km off  the coast  of Maine a t  t h e  end of the ex- 
periment. 
The cyclone in central  Kansas began t o  i n t e n s i f y  and move south- 
eastward into northeast Oklahoma with the eastward movement of the 
second shor t  wave t h a t  w a s  loca ted  in  the  Dakotas  by 2100 GMT on 24 . 
April '(Fig. 8). The second major squall line began t o  develop a t  
t h i s  time in  eas t e rn  Kansas within the intensifying low and south- 
westward along the t ra i l ing cold front .  Values  of  the K index were 
as high as 42 i n  t h e  area, indicating extreme i n s t a b i l i t y .  The 
squal l  l ine  s t re tched  from c e n t r a l  I l l i n o i s  t o  c e n t r a l  Texas with 
maximum radar tops reaching 17.1 km (56 ,000  f t )  a t  0000 GMT on 25 
April. Severe weather watches were issued a s  the  squa l l  l i ne  moved 
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(a) 0000 GMT, 24 April. 
(c )  1200 GMT, 24 April. 
-. 
(d) 1500 GMT, 24 April. 
Fig. 7. lcontinued) 
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( e )  1800 GMT, 24  April .  
x . '  
(f) 2100 GMT, 24  April.  
Fig.  7. (Continued) 
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( a )  Surface. 
(b) 850 mb. 
Fig. 8. Synoptic  charts for 2100 GMT, 24 April 1975. 
(Fucik and Turner, 1975). 
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(c) 500 mb. 
Fig. 8. (Continued) 
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southeastward. 
Between 2100 GMT and  1200 GMT (Fig. 9)  on 25 April  the cyclone 
moved from Kansas eastward into Kentucky with the eastward movement 
of t h e  second shor t  wave perturbation while the associated cold 
front extended southwestward i n t o  Texas. The severe  squa l l  l ine  
continued t o  grow i n   i n t e n s i t y  and length with maximum radar tops 
exceeding 19.8 km (65,000 f t )  and, a t  1200 GMT on 25 April, extended 
along an arc almost 1000 km long from eastern Kentucky southwest- 
ward into northern Alabama and westward into Arkansas (Fig. 7 ) .  
Both h a i l  and tornadoes were reported with the squal l  l ine.  
The s t rong  squa l l  l i ne  moving southeastward into the south- 
eastern United States was t h e  major weather feature a t  t he  end of 
the experiment a t  1200 GMT on 2 5  April.  The second  trough  ran 
north-south  through  the  Northern  Plains. The surface anticyclone 
off the Carolinas had moved far ther  eastward out  into the Atlant ic ,  
and CP a i r  was replacing mT a i r  i n  t h e  Ohio Valley and the south- 
east United States  with the movement of  the cold front .  
I 
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(a) Surface. 
L A  
(c) 500 mb. 
\-.A 
(d) 300 mb. 
F i g .  9 .  (Continued) 
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5 .  RESULTS 
A "telescoping" approach w i l l  be taken in the presentation of 
results.  First ,  the energy budget for the entire experiment area 
w i l l  be  examined.  Next, synoptic-scale  energy  budgets  of smaller 
volumes enclosing two squa l l  l i nes  w i l l  be presented to show the  
r e l a t i o n  of these budgets to the overall  budget.  Finally,  spatial  
maps of selected terms in the budget equations w i l l  be examined t o  
descr ibe features  which a re  los t  in  the  averaging  process .  In  ad- 
d i t i on  t o  the "telescoping" approach, the relation between MDR 
values and energy parameters w i l l  be considered. 
These observa t iona l  resu l t s  w i l l  ver i fy  the hypothesis  made 
in the objectives--systematic changes do occur in synoptic-scale 
energy budgets of atmospheric volumes enclosing areas of intense 
convection. 
a.  Average energetics  of  the  experiment  period 
The energet ics  of  the ent i re  AVE I V  area, averaged over a l l  
nine time per iods ,  ind ica tes  ra ther  t ranqui l  condi t ions ,  bu t  la te r  
sec t ions  w i l l  show t h a t  t h i s  i s  deceiving. The average kinet ic  
energy budget and average t o t a l  p o t e n t i a l  energy budget (Table 
4 )  were obtained by averaging values of budget terms for 168 cen- 
t r a l  gr id  poin ts ,  an area of 49.0 x 10l1 m2,  over a l l  time periods, 
f o r  a t o t a l  of 1512 points .  
The k ine t i c  energy budget of the surface- to 700-mb layer  i s  
characterized by conversion from p o t e n t i a l  t o  k i n e t i c  energy due 
to cross-contour flow, term -C - near the ground th.is process i s  
enhanced  by f r i c t i o n a l  e f f e c t s .  Weak horizontal  and ver t ica l  ou t -  
flow of k ine t i c  energy occur along with negative dissipation, in- 
dicating transfer of energy from grid to  subgrid scales  of  motions.  
The ne t  e f f ec t  qf these processes i s  a local reduction of kinetic 
ene,rgy in  the surface-  to  700-mb l ayer .  
K' 
Kinetic energy i s  being converted to potential  energy in the 
700- t o  400-mb l ayer  due t o  a i r  moving across height contours from 
l o w  to high values.  Horizontal  and ve r t i ca l  ou t f low occur  in  th i s  
Table 4 .  Average energy budget for  the AVE I V  experiment with comparisons to previous research. 
The AVE area is 49.0 x 10 11 m2 
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-30.4 3.0 
4.3 2.2 
25.8 1.5 
27.2 0.8 
13.1 0.4 
-1.8 -0.2 
-9.4 -0.1 
-24.7 -1.4 
-21.0 -2.2 
-16.9 4.0 
150.4 
48.9 
3.3 
38.6 
32.8 
8.8 
-31.6 
-43.8 
-107.8 
99.6 
649.8 
1037.9 
427.2 
201.2 
173.0 
58.9 
-540.8 
-781.7 
-525.9 
693.6 
-123.2 
-866.9 
-415.4 
-65.1 
-58.0 
-28.4 
429.9 
634.0 
147.8 
-346.4 
17 .1  
-58.7 
-103.7 
-92.2 
-78 .O 
-68.8 
-54.5 
-26.2 
-7.4 
-472.3 
-4.4  -0.3 
17.4 - 40.6  2.5  221.3  -1261.6  460.0 - 
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l aye r  as i n  t h e  lower troposphere, but i n  t h i s  l a y e r  k i n e t i c  energy 
is  being t ransferred from subgrid scales  of motion t o   l a r g e r  scales. 
A local  decrease in  kinet ic  energy is the  ove ra l l  r e su l t .  
The k ine t i c  energy budget near the j e t  stream, the  400- t o  
100-mb layer ,  i s  characterized by maximum conversion to  potent ia l  
energy;  term -C equals  -3.0 W ~il i n  t h e  l a y e r  from 200 t o  100 mb. -2 
Maximum transfer of kinetic energy from subgrid to  gr id  scales  of  
motion  occurs i n  t h e  300- t o  200-mb layer .  Vert ical  inf low and 
horizontal  outflow of kinetic energy i s  occurring with both pro- 
cesses reachi,ng their  greatest  magnitudes in the 300- t o  200-mb 
layer .  These combined processes again lead to a local  decrease i n  
k ine t i c  energy through the layer. 
K 
The k ine t i c  energy budget of t h e  t o t a l  volume ( su r face  to  100 
m b )  can be characterized by conversion from k i n e t i c  t o  p o t e n t i a l  
energy, outward horizontal transport of kinetic energy, inward 
ver t ical  t ransport ,  the  creat ion of  synopt ic-scale  kinet ic  energy 
from subgrid-scale motion, and a local  decrease of kinetic energy 
with time. 
Table 4 compares the kinetic energy budget for the AVE I V  
experiment with the budgets of previous invest igators .  The average 
k ine t i c  energy budget for  the  AVE I V  experiment i s  qui te  unl ike 
budgets obtained for cases of cyclones.  For example, t h e  v e r t i c a l  
t o t a l  o f  term -C i n  t h e  v i c i n i t y  of an average mature cyclone i s  
27.4 W m-2 (Kung and  Smith,  1974) compared t o  -4.0 W m f o r  t h i s  
study. R e s u l t s  of  Smith's  (1973a)  study  of  an  anticyclone  are 
more similar to  the  present  resul ts .  Smith reported values of 
0.4 W m-2 f o r  term -C and 1 2 . 7  W m f o r  term H F  in  the  sur face-  
t o  200-mb layer .  The budget f o r  North America during a period of 
shor t  wave development (Ward and  Smith,  1976) i s  a l s o  more similar. 
Posi t ive values  of  diss ipat ion of ten are  viewed with skep- 
K -2 
-2 
K K 
t ic ism,  and the computational uncertainties associated with this 
residual term always should be acknowledged, but  several  reports  
of  posi t ive values  occur  in  the l i terature .  Vincent  and Chang (1975) 
reported a v e r t i c a l  t o t a l  of 27.4 W m during the developing stage 
of an extratropical cyclone for an area about 1.15 x 10l2 m2 using 
-2 
c 
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moving coordinates.  Smith (1973b)  gave a value  of  1.0 W m f o r  t h e  
surface-  to  20O-mb layer over North America pr ior  to  cyclogenesis ;  
he noted that  s ince smaller waves had a tendency t o  dampen out during 
the period, perhaps their  kinetic energy w a s  cont r ibu ted  to  the  
l a rge r  scales of motion. Kornegay and Vincent (1976) gave a ver- 
t i ca l  t o t a l  of  1.9 W m when a t ropical  s torm interacted with an 
ex t r a t rop ica l  f ron ta l  system. 
-2 
-2 
While posi t ive values  of  diss ipat ion are o f t e n  a t t r i b u t e d  t o  
errors in the input data,  Vincent and Chang (1975) and Kornegay and 
Vincent (1976) concluded t h a t  r e a l i s t i c  e r r o r s  a l o n e  would not pro- 
duce pos i t i ve  va lues  o f  d i s s ipa t ion  fo r  t he i r  s tud ie s .  They sug- 
gested that subgrid-scale energy sources that are not completely 
detectable using synoptic-scale energy data, such as convection 
o r  eddy momentum t r ans fe r ,  r equ i r e  compensating mechanisms f o r  
d i s s ipa t ion  which i f  detectable  or  capable  of  parametr izat ion would 
reduce or eliminate posit ive values.  It  is clear from the synoptic 
discussion that convection and associated turbulence and wave 
phenomena, which cannot be completely resolved in t i m e  or space 
with the avai lable  data ,  are widespread and in tense  dur ing  th i s  
period of study. The top ic  of  d i ss ipa t ion  is  discussed fur ther  in  
following sections. 
Terms of the total  potent ia l  energy budget  during the AVE IV 
experiment are given in  T a b l e  4 .  Since average vertical  motion 4 
over the area is  upward, values of C are negative throughout most 
of the atmosphere, indicating conversion from p o t e n t i a l  t o  k i n e t i c  
energy. The value  of pKI /)CAI for  the  sur face-  to  100-mb layer  is 
about 1% which ind ica tes  tha t  the  l imi ted  reg ion  exhib i t s  major in- 
teraction with the surrounding atmosphere. The value of 1% is 
similar to  values  obtained by o ther  inves t iga tors  (Gommel, 1973; 
Smith and Horn,. 1969). 
A 
The lower troposphere, from the  su r face  to  700 mb, contains 
ver t ica l  ou t f low and horizontal inflow of to ta l  po ten t ia l  energy  
while the 700- t o  100-mb layer  i s  exporting energy horizontally and 
importing energy vertically. The va lues  of  d iaba t ic  e f fec ts  (term GI 
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show a small range throughout the vertical  profile.  Diabatic cooling 
occurs  in  the  lower troposphere, but generation of potential energy 
due to  d iaba t ic  hea t ing  occurs  in  the  600- t o  200-mb layer .  
The l i t e r a tu re  con ta ins  few s tudies  on to ta l  po ten t ia l  energy  
which can be compared with the current study, but West's (1973) in- 
vestigation of cyclogenesis over the eastern United States i s  a 
notable  exception  (Table 4 ) .  H i s  values  of  terms G, H F  and V F  
were larger than those presently observed, and shapes of v e r t i c a l  
profiles of the terms were considerably different .  
I T r  II 
Based on the previous results,  the atmosphere may appear tran- 
qui l  during the AVE I V  experiment, but significant energy processes 
in  both t ime and space have been l o s t  due to  averaging.  These i m -  
por tant-  events  are  descr ibed in  la ter  sect ions.  
b. Ver t ica l  motion  and squal l  l i n e  development 
A first indica t ion  of systematic changes in meteorological 
" ~ -  
parameters  tha t  re la te  to  a reas  of intense convection can be found 
i n  f i e l d s  o f  v e r t i c a l  motion. Ver t ica l  motion f i e l d s  a t  500 mb 
for  the nine AVE I V  t i m e  periods, with superimposed areas of MDR 
values  greater  than or  equal  to  4 ,  are given in Fig. 10. More de- 
t a i l e d  maps of MDR values  are  found in  F ig .  7 (p. 3 0 ) .  The f i r s t  
major squall l i n e  i s  already w e l l  developed and stretches from 
c e n t r a l  I l l i n o i s  t o  western Nebraska a t  0000 GMT on 24 Apri l ,  but  
the area of  maximum upward v e r t i c a l  motion is small and located 
s l i g h t l y  t o  the  r ea r  of the convective area.  The area of upward 
motion associated with the surface low and shor t  wave can be seen 
over the northeastern United States.  The area of upward motion 
increases  grea t ly  in  s ize  and in t ens i ty  by 0600 GMT when the squal l  
l i n e  i s  a t  i ts  maximum intensity. Values as g rea t  a s  -15.0 pb s 
are located over central Missouri, immediately behind the area of 
strongest cocvection. The area of upward motion a t  t h i s  time i s  
the dominant feature in the experimental  area.  
-1 
The squal l  l ine decreases  in  areal  coverage and in t ens i ty  
a f t e r  0600 GMT. The most intense convection is occurring over 
southern Missouri and northern Arkansas by 1200 GMT while the area 
(a) 0000 GMT, 24 April. 
(b) 0600 GMT, 24 April. 
Fig. 10. Vertical velocity at 500 mb (pb s 1 .  Superimposed are 
-1 
areas of MDR values 1 4. 
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(c) 1200 GMT, 24 April. 
(d)  1500 GMT, 24  April. 
Fig. 10. (Continued) 
(e) 1800 GMT, 24 April.  
(f) 2100 GMT, 24 A p r i l .  
Fig. - 10.  (Continued) 
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( g )  0000 GMT, 25 April. 
(h) 0600 GMT, 25 April 
Fig. 10. (Continued) 
49 
(i) 1200 GMT, 2 5  April. 
Fig. 10. (Continued) 
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of s t rongest  upward motion,  reduced t o  -12.0 ub s a t  500 mb, is 
located over central  Missouri .  Downward v e r t i c a l  motion is  associ-  
ated with the remnants of the squall  l ine over Missouri  and Arkansas 
a t  1500 GMT. P o s i t i v e  v e r t i c a l  motion along the Ohio River Valley 
and N e w  England S ta t e s  a t  1500 GMT is associated with rainshower 
a c t i v i t y  i n  t h o s e  areas with MDR values  less  than 4. 
-1 
When the  second major squal l  l ine develops over  eastern Kansas 
between 1800 GMT and 2100 GMT on 24 Apr i l ,  pa r t  of the  a rea  i s  ex- 
per iencing s l ight  upward motion less than -4.0 ?.lb s ; areas  of  
downward motion a l s o  a r e  i n  t h e  v i c i n i t y ,  b u t  a r e  weak as w e l l .  
An organized squal l  l ine,  s t re tching from I l l i n o i s  t o  Texas, 
forms by 0000 GMT on 25 Apri l .  Increases  in  upward v e r t i c a l  motion 
to   va lues  of -6.5 ?.lb s accompany t h i s  development. Peak inten- 
s i t y  of  the second squal l  l ine occurs  a t  0600 GMT a t  which t i m e  
upward v e r t i c a l  motion a t  500 mb reaches a value of -16.5 pb s 
over the southern t i p  of I l l i n o i s .  Upward v e r t i c a l  motion decreases 
i n  magnitude by 1200 GMT as t h e  squa l l  l i ne  dec reases  in  in t ens i ty .  
-1 
-1 
-1 
These r e su l t s  i nd ica t e  tha t  a r eas  o f  upward v e r t i c a l  motion 
develop and decay as areas of convection develop and decay, with 
v e r t i c a l  motion somewhat lagging the convection. A s  suggested by 
Aubert  (19571, Danard (1964), and Ninomiya (1971 a and b ) ,  d i a b a t i c  
heating associated with convection probably is responsible for in- 
ducing the systematic changes i n  t h e s e  v e r t i c a l  motion pa t te rns .  
Since systematic changes in vertical  motion a re  assoc ia ted  wi th  
areas of convection in the AVE I V  experiment, such changes should 
also  occur   in  terms C VF and VFn of  the Energy  budget  equations 
because these are functions of vertical  motion. Since horizontal  
divergence is  r e l a t ed  to  ve r t i ca l  no t ion ,  sys t ema t i c  changes a r e  
expected in terms HF and HFn of the energy equations as w e l l .  
Th i s  f i r s t  i nd ica t ion  tha t  sys t ema t i c  changes should occur i n  t h e  
synoptic-scale energy budgets of volumes enclosing areas  of con- 
vection w i l l  be examined i n  much g rea t e r  de t a i l  i n  fo l lowing  sec- 
t ions.  
A'  IC' 
K 
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c. The energy  budget  of a developing squal l  l ine 
Energy budgets  of  re la t ively small atmospheric volumes enclosing 
the  squa l l  l i ne  tha t  formed a t  1800 GMT on 24 Apr i l  a r e  examined 
i n  t h i s  s e c t i o n .  The approach is  designed to  desc r ibe  be t t e r  t he  
nature of synoptic-scale energy processes occurring in the vicinity 
of intense convection. These budgets a t  f i v e  t i m e  periods are com- 
pared with each other and t o  budgets for much l a rge r  areas. The 
formation, mature, and i n i t i a l  d i s s i p a t i o n  s t a g e s  o f  development 
are s tud ied  us ing  th i s  squa l l  l i ne  case while  an addi t ional  squal l  
l i n e  case is  used la ter  to  inves t iga t e  fu r the r  t he  mature and 
diss ipat ion s tages .  
1) Select ion of area boundaries 
The r e l a t i v e l y  small atmospheric volumes were chosen such t h a t  
they just  enclosed the squall l ine based on MDR values and moved 
as t h e  s q u a l l  l i n e  moved. Vertical dimensions were from the sur- 
f a c e  t o  100 m b  while horizontal boundaries were defined using the 
gr id  poin ts  on which numerical calculat ions were performed (Fig. 
5, p. 2 0 ) .  The budget for each area and each 50-mb pressure layer  
was computed as the  average  of  a l l  g r id  poin ts  on or  wi th in  the  
boundary. It should be emphasized tha t  se lec t ion  of  hor izonta l  
boundaries w a s  based solely on MDR da t a ;  spa t i a l  f i e lds  o f  t he  
budget terms were not  considered in  the select ion process .  As 
spatial f i e l d s  of the  terms w i l l  reveal ,  a d i f f e r e n t  boundary lo-  
ca t ion  could  a f fec t  s ign i f icant ly  computed averages  in  some cases. 
Figures 11 and 1 2  show two examples of  the boundary selection pro- 
cedure while Table 5 g ives  the  number of  gr id  poin ts  and associ-  
a ted  areas for  the boundaries  used i n  t h i s  s q u a l l  l i n e  case. The 
convection in Ohio and Michigan a t  0600 GMT on 24 April  (F,ig. 1 2 )  
was not included in the volume because it w a s  found t o  have a 
much s h o r t e r  l i f e  t h a n  t h e  remainder of the squall  l ine and ap- 
peared t o  b e  a separate  system. While the goal w a s  t o  b a r e l y  en- 
c lose  areas of convection, a t  least 20 gr id  poin ts  were used a t  
each time. This meant t h a t  d u r i n g  i n i t i a l  development, the  
horizontal  boundary w a s  centered over the much smaller area of 
convection. Volumes used in  th i s  s tudy  are approximately the 
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Fig. 11. Example of the l imited volume used to  enc lose  the  squa l l  
l i n e  a t  0600 GMT on 25 April .  The area enclosed is  
12 .2  x 1011 m 2 .  
Fig. 1 2 .  Example of the  l imited volume used to   enc lose   the  
s q u a l l  l i n e  a t  0600 GMT on 24 A p r i l .  The area 
enclosed is  10.6 x 1011 m2. 
. . .  . . . _. . . . . . ... . . . . .. 
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T a b l e  5. Areas f o r  which averaye  energy  budgets were computed 
fo r  t he  squa l l  l i ne  fo rming  a t  1800 GMT on 24 A p r i l .  
Time Number of po in t s  Area (m ) 2 
1800 GMT, 24 April  24 8.8 x  10 
2100 GMT, 24 Apr i l  24 8.8 x 10 
0000 GMT, 25 April  30 10.6  x  10 
0600 GMT, 25 April 35 1 2 . 2  x 10 
1200 GMT, 25 Apr i l  39 13.4 x 10 
11 
11 
11 
11 
11 
same s i z e  as those used by such authocs as Kung and Smith (1974), 
Kornegay and Vincent (1976) , and Vincent and Chang (1975) and are 
much smaller than those used by numerous o ther  inves t iga tors .  They 
r e t a i n  t h e  d e s i r a b l e  aspects of averaging and s t i l l  enable con- 
s iderat ion of  a l imi ted  volume. 
2)  Average e n e r g e t i c s  i n  t h e  v i c i n i t y  of t h e  s q u a l l  l i n e  
Vertical profiles of energy budget terms are examined i n   t h i s  
section. Values for several t i m e  periods are p lo t t ed  on the  same 
diagram t o  show the systematic nature of energy changes occurring 
i n  t h e  v i c i n i t y  o f  t h e  s q u a l l  l i n e .  To t h i s  a u t h o r ' s  knowledge, 
t h i s  is t h e   f i r s t  time t h a t  such r e s u l t s  have been presented i n  
t h e  l i t e r a t u r e  f o r  most terms of the equations of t o t a l  p o t e n t i a l  
and kinetic energy. The tabulated energy budget of the squall  
l i n e  a t  peak i n t e n s i t y  i s  examined i n  a la ter  section. 
i. Diabatic processes. Vertical prof i les   of   generat ion of 
to ta l  po ten t ia l  energy  by diabat ic  processes  (term G) show a cyc l i c  
na ture  dur ing  the  l i fe  cyc le  of the  squa l l  l ine  (F ig .  13) .  Radi- 
a t i v e  e f f e c t s  dominate near the surface with diabatic heating oc- 
curring through 2100 GMT and diabat ic  cool ing af terwards.  The 
upper and middle troposphere exhibit a large increase in  heat ing 
through 0600 GMT and a decrease in  heat ing a t  1200 GMT with maxi- 
mum values occurring a t  approximately 450 rnb. The time of maximum 
heating, 0600 GMT, corresponds to the time of maximum convective 
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Fig.  13.  Vertical  profiles  of  term G for  the  squall  line of 
25  April. 
activity;  the  450-mb  value  at 0600 GMT  is  approximately  three  times 
the  value  observed  at 0000 GMT. Latent  heat  release  associated 
with  convection is almost  surely  the  cause €or the  observed  pro- 
file  in  this  portion  of  the  atmosphere.  Cooling  at  about  200 m b
at 0600-1200  GMT  is  probably  due  to  radiational  losses  above  the 
cirrus  shields of cumulonimbus  clouds;  such  cooling  has  been  ob- 
served  by  Anthes  and  Johnson (1968) in  their  study  of  Hurricane 
Hilda. 
ii.  Energy  conversion  terms.  Values  of  A-conversion  (term 
C ) exhibit a remarkable  systematic  nature  (Fig. 14). Since 
specific  volume  is  always  positive,  the  sign  of  the  term  is  re- 
lated  directly  to  the  sign of vertical  motion.  Slight  conversion 
from  potential  to  kinetic  energy  is  observed  near  the  surface  and 
near  the  jet  stream  level  at 1800 GMT  when  the  squall  line  is 
beginning to form.  This  situation  changes  rapidly as the  convec- 
tion  intensifies  to  strong  conversion  from  potential  to  kinetic 
energy  at all levels  with a maximum  at  about 400 mb. 
A 
Conversion  decreases  somewhat  by  1200 GMT as the  convection 
.... . ._ . . ~ - 
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Fig. 14 .  Vertical p r o f i l e s  of term C fo r   t he   squa l l   l i ne  of 
25 April .  A 
decreases  in  intensi ty .  Strong s imilar i ty  between t h e  v e r t i c a l  
p r o f i l e s  of terms C and G i n  t h e  middle and upper troposphere i s  
evident.  The shape of the profile of C is  cons is ten t  wi th  tha t  
suggested in a numerical study by Danard (1964). 
A 
A 
The shapes of ve r t i ca l  p ro f i l e s  o f  term -C (Fig.  15) are K 
considerably different  from those  of  term C and values of 
A' -cK 
are much smaller  than  those  of C The r a t i o  of 
surface-  to  100-mb layer remains approximately 1% a t  each of the 
f i v e  times. Posi t ive  values  of term -C indicate  conversion from 
potent ia l  energy to  kinet ic  energy due to cross-contour flow. 
Conversion to  kinet ic  energy decreases  with s torm development 
and becomes conversion to  poten t ia l  energy  a t  0600 GMT near the 
800- t o  600-mb layer .  The opposite occurs above 600 mb where 
conversion to kinetic energy increases with storm development, 
reaches a maximum value a t  0600 GMT near 250 mb, and decreases a t  
1200 GMT. Results  of  McInnis and Kung (1972)  f o r  term -C do not 
appear as cyc l ic  in  na ture  as the  present  resu l t s .  
A'  I -CKI/(CA( i n  the  
K 
K 
Var ia t ions  in  te rm -C can r e s u l t  from changes in  the  vec to r  K 
wind and/or  changes in the height gradient.  Convection has been 
r e l a t e d   t o  changes in  both parameters  in  a way tha t  he lps  expla in  
..... 
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Fig.  15. Vertical p r o f i l e s  of  term -C f o r   t h e   s q u a l l   l i n e  of 
25 April .  K 
the  var ia t ion observed in  this  t e r m . .  Increases  in  values  of  
geopotential  height in the middle and upper troposphere and decreases 
near the ground together with enhanced convergence i n  lower leve ls  
and enhanced divergence in upper levels have been associated with 
thunderstorm activity ( A u b e r t ,  1957;  Danard,  1964; Ninomiya 1971a 
and b ) .  These combined e f f e c t s  would l e a d  t o  enhanced flow across  
height contours from h i g h ' t o  low values near the surface producing 
enhanced  conversion t o  k i n e t i c  energy. In  the  middle troposphere, 
increased cross-contour flow from low to  h igh  va lues  l eads  to  en- 
hanced conversion to potential  energy. Enhanced conversion to  
kinetic energy would occur  in  the upper atmosphere due t o  i n -  
creased flow across height contours from h igh  to  low values. 
While t h e  e f f e c t  of t i l t i n g   p r e s s u r e  systems has not been considered 
in  th i s  explana t ion ,  the i r  p resence  genera l ly  should  enhance the  
effects  descr ibed above  (Danard, 1964). Even i f  no height changes 
occur due t o  convect ion,  resul ts  similar t o   t h e  above could  resu l t  
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from wind changes associated with convection together with t i l t ing 
pressure systems. 
Kung (1967, 1974) has shown tha t  convers ion  to  k ine t ic  energy  
i s  s l i g h t l y  g r e a t e r  a t  0000 GMT than a t  1200 GMT; the cause i s  not 
fully understood. Kung's results are oppos i te  the  present  resu l t s  
i n   t h e  upper atmosphere while a t  750 mb Kung found only a small 
d iurna l  effect. It is  doubtful  that  the systematic  nature  of  term 
-C i n  t h i s  s t u d y  is  caused t o  any great  extent  by diurnal  effects .  K 
iii. Boundary fluxes  of  kinetic  energy.  Significant  sys- 
tematic changes occur in terms HF and VF dur ing  the  l i f e  cyc le  
of the squal l  l ine.  Horizontal  outf low in the lower half  of  the 
atmosphere and strong horizontal  inflow in the upper half  of the 
atmosphere occur during the ini t ia l  formation of  the s torm (Fig.  16) .  
The horizontal  inf low alof t  i s  due la rge ly  to  hor izonta l  advec t ion  
of kinetic energy since the storms form immediately downwind of a 
j e t  maximum. The prof i le  reverses  as the  squa l l  l ine  reaches  peak 
in t ens i ty  a t  0600 GMT such t h a t  weak inf low in  the  lower half  of 
the  atmosphere  and s t rong outf low alof t  occur .  The j e t  maximum 
had moved to  the  no r theas t  of the area of convection by t h i s  t i m e .  
A t  250 mb the range of H F  between 1800 GMT and 0600 GMT i s  
44 W m /lo0 mb while in the lower troposphere the range i s  about 
one order  of  magnitude smaller. Magnitudes  of HF decrease  by 1200 
GMT as the  squa l l  l i ne  dec reases  in  in t ens i ty .  
K K 
2 K 
K 
Values of VF are  near  zero as the convective area forms but K 
change to  ver t ical  outf low of  kinet ic  energy below about 400 m b  and 
ver t ical  inf low above about 400 mb with further development (Fig. 1 7 ) .  
Kinetic energy i s  being t ransported to  higher  levels  during the times 
of s t rongest  convect ive act ivi ty  s ince upward v e r t i c a l  motion is  
taking place over the area. 
i V .  Dissipation of kinet ic   energy.   Vert ical   prof i les  of term 
D, given in  Fig.  18, ind ica te  tha t  t ransfer  of  k ine t ic  energy  from 
subgr id  to  la rger  scales of motion generally increases with storm 
development below approximately 600 mb while enhanced transfer from 
gr id  to . subgr id  scales of motion occurs above 600 mb. While Some 
Cyclic nature is apparent, it ce r t a in ly  is no t  as pronounced as f o r  
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Fig. 16. Vertical   profiles  of  term H F  for   the   squa l l   l ine  of 
25 April.  
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Fig. 1 7 .  Ver t ica l  p rof i les  of term VFK for  the  squa l l  l ine  of 
25 April. 
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Fig.  18.  Vertical  profiles  of  term D fo r  t he  squa l l  l i ne  of 
25 April .  
most of the previous terms. V e r t i c a l  t o t a l s  of term D presented by 
McInnis  and Kung (1972) a l s o  show considerable  f luctuations.   Since 
turbulence and other subgrid phenomena are large in thunderstorm 
areas, large values of term D of both signs should be expected. The 
diurnal tendency of term D (Kung, 1967) i s  small and i s  not thought 
t o  be  impor tan t  in  expla in ing  these  resu l t s .  Sa te l l i t e  p ic tures  of  
th i s  a rea  revea l  the  presence  of  wave phenomena in  the cloud pat-  
terns. Their presence could be important in explaining the observed 
values of D, but firm conclusions are not  possible .  
v. Time der iva t ive  of kinetic  energy. The n e t   e f f e c t  of 
the various physical processes on kinetic energy within the l imited 
volume is ra ther  small because,  for the most par t ,  the  processes  
cancel each other (Fig. 19). Values below 500 mb a re  Only about 
k2 W m-2/100 mb; above 500 mb they are  f 6  IJ n1-~/100 mb. Term - a K  
appears  s l igh t ly  more negative as the convect ion intensif ies ,  but  
t he  e f f ec t  is small. 
a t  
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Fig. 19.  Ver t ica l  p rof i les  of  term - for  the  squa l l  l ine  of  a K  
25 A p r i l .  a t  
v i .  Boundary f luxes  of total   potent ia l   energy.  The v e r t i c a l  
"~ 
profile of term H F  a t  1800 GMT indicates horizontal  inflow of 
t o t a l  po ten t i a l  ene rgy  in  most levels of the atmosphere (Fig. 20). 
As the  squal l  l ine develops the layer  of  inf low deepens while  a 
region of outflow, apparent a t  2100 GMT, decreases in depth and i t s  
maximum value increases in magnitude from about 2.0 x l o 3  W m /lo0 
mb a t  2100 GMT t o  7.5 x 10 W m-2/100 mb a t  0600 GMT. Magnitudes 
of the term decrease in value a t  1200 GMT as the convection di-  
minishes in  in t ens i ty .  
I[ 
-2 
3 
Pr6files of term VF a l so  r evea l  a cyclic nature (Fig. 2 1 ) .  n 
The top of the outflow layer near  the surface rises from about 900 
mb a t  1800 GMT t o  near 500 mb a t  0600 GMT. Correspondingly, the 
inf low layer  a lof t  decreases  in  depth but  peak values  increase in  
magnitude  during th i s  per iod .  Boundary f l u x  terms ind ica t e  tha t  
potential energy in the lower atmosphere is t ransported horizontal ly  
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Fig. 20. Vertical profiles of term HF for the squall line of 
25  April. II 
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Fig. 21. Vertical profiles of term VF for the squall line of 
25 April. rI 
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into the convect ive area, t ranspor ted  ver t ica l ly  due . to  upward ver- 
t i ca l  motion, and then exported i n  t h e  upper atmosphere. 
3) Energy  budget a t  peak i n t e n s i t y  
i. Discussion. The synoptic-scale  nergy  budget  for  the 
l imi ted  volume enc los ing  the  squa l l  l ine  a t  peak i n t e n s i t y  (0600 GMT) 
reveals very large conversion and transport processes. T a b l e  6 
gives  this  budget  for  a volume whose hor izonta l  area is 12.2 x 10 
m2 (Fig. 11, p. 52) about one-fourth the area o f  t h e  t o t a l  AVE I V  
experimental network. Diabatic heating, assumed t o  be the cause of 
the other energy changes, reaches a value of 569.0 W m i n  t h e  
800- t o  200-mb layer .  The  maximum value in  a 100-mb layer  i s  
222.4 W m-2 which occurs between 500-400 mb. Krishnamurti and 
Moxim (1971) s ta ted that  convect ive heat ing should be largest  in  
t he  upper troposphere i n  s i t u a t i o n s  of deep convection with l i t t l e  
entrainment. Assuming t h a t  a l l  of  the heat ing is due t o  l a t e n t  
heat of condensation, the value of 569.0 W m corresponds t o  an 
average precipi ta t ion rate of 0.076 cm h (0.03 i n  h") over  the 
area whidh seems reasonable since active convective cells cover 
only a small f r ac t ion  of t h e  t o t a l  area. Fankhauser  (1969)  noted 
t h a t  i f  t o t a l  h e a t  p r o d u c t i o n  f o r  a heating area is compared t o  t h e  
to ta l  l a ten t  hea t  product ion  from a l l  thunderstorms in that area,  
the orders of magnitude are comparable so t h a t  t h e  n e t  e f f e c t  of 
storm presence i s  rea l ized .  
- 
11 
-2 
-2 
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Values  of terms C and -C indicate  large  conversion from 
A K 
po ten t ia l  to  k ine t ic  energy  whi le  the  small values of l-CKI / I CAI 
ind ica te  a grea t  dea l  of  in te rac t ion  between t h e  r e l a t i v e l y  small 
volumes enclosing convection and the surrounding volumes.  Although 
the  sur face-  to  100-mb value of K-conversion i s  52.2 W m , a cor- 
responding increase in kinetic energy does not occur in the volume 
because of d i s s ipa t ion  and  boundary  fluxes. In  fac t ,  the  sur face-  
t o  100-mb l aye r  sus t a ins  a net  loss  of  kinet ic  energy of  6.2 W m -2 
because 43.9 W m of kinetic energy i s  t ransported horizontal ly  
out of the region while 14.5 W m is  t ransfer red  to  subgr id  
scales of motion. 
-2 
-2 
-2 
Table 6.  Average energy  budget for the l imited area enclosing a squa l l  l i ne  
a t  0600 GMT on April25. The area is 12 .2  x 10 m2 (Fig. 11, p 5 2 ) .  
K a K  -
- 
Pressure  Layer at HFK vFK - 5 :  D G =K PW HFn wn CA 
nb 10% mm2 w m-2 w m-2 w m-2 w I I L  -2 W m  -2 N m w m-2 w n-2 w m-2 w m-2 W m  -2 -2 
200-100 4.8  -2.2  7.5 -0.1 4 .3   0 .9  
300-200 6 .0  
-88.4  -4.3 676.9  2830.4 -461.5  65.4 
400-300  4.   -0.1  10.8 -8.8 14.3  -12.4 
500-400 
137.3  -14 -26G.6  4183.9  -5096.1  -803.4 
3.6 
600-500 
-1.4  1.3 1.9 11.0 -9.3 
2.6 
222.4 -11.0 -57.2  510.0  -701.5  -797.7 
-0.9  -0.9  6.4  4.1 0.6 
700-600 
136.3  -4.1  -85.9  -19 3 46 2 830 9
1.7  -1.0  -1.2  .8  0.5  5.2  45.3 -0.5 94.7  -3184.5  3516.3 -4 6.7 
800-700 1.0 -0.5 -0.3  2.6 - 2 . 6  4.4  25.3  2.6  150.6  -2385.2  2913.3  -223.9 
900-800  0.9  -0.3 -1.1 1.1 1 .3   -1 .5  -96.8  -1.3  -97.9  -2649.3  2306.1 -113.0 
sfc-900  0 .4  -0.1 -1.0 0.7  2.4 -2.7  -145.4  -2.4  -279.1  -2719.4 1740.1 -28.'3 
0 .2  28 .8  - i1.6  16.9 0.4  2.4  -16.9  474.8  7869.9  -6208.1  -318.1 
Vertical to ta l  25.5  -6.2  43.9 -0.1 52.2  -14.   238.4 52.2  616.3  2502.4  -347.   -3253.8 
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The v e r t i c a l  t o t a l  of -C is  about twice the value given by K 
Kung and  Smith  (1974) ( T a b l e  4., p. 41)  fo r  t he  v i c in i ty  o f  mature 
cyclones and suggests  that  large areas  of intense convection may 
af fec t  the  genera l  c i rcu la t ion  as much as o r  more than mature 
cyclones. A s t r ik ing  d i f f e rence  between r e s u l t s  o f  t h i s  s t u d y  
and those involving mature cyclones ( T a b l e  4)  i s  found in  the  ho r i -  
zontal  boundary f lux  term of kinetic energy. N e t  ou t f low in  the  
surface-  to  100-mb layer  is  seen in  th i s  s tudy  wh i l e  l a rge  ne t  i n -  
flow is  observed i n  most mature cyclones; Petterssen and Smebye 
(1971) have found export associated with a mature cyclone, how- 
ever. While n e t  v e r t i c a l  f l u x  of kinetic energy is  near zero for 
the average mature cyclone, Smith  (1973b)  and West (1973) obtained 
ver t ical  outf low near  the ground and inf low in the upper atmosphere, 
as observed in  th i s  ca se .  Pe t t e r s sen  and Smebye (1971), however, 
found v e r t i c a l  e x p o r t  a l o f t ,  and import i n t o  t h e  middle troposphere. 
The v e r t i c a l   t o t a l  of term D i s  l a r g e r  i n  t h e  v i c i n i t y  o f  mature 
cyclones than near  the squal l  l ine case a t  peak in t ens i ty .  Vertical 
p r o f i l e s  of t e r m  D appear similar i n  mature cyclones and i n   t h i s  
squa l l  l ine  case  wi th  t ransfer  to  subgr id  sca les  of  motion occur- 
r ing near  the ground and near  the je t  s t ream, while  s l ight  t ransfer  
of energy t o  l a r g e r  s c a l e s  of motion occurs i n  t h e  middle tropo- 
sphere (Smith, 1973a  and b ) .  
The budget of t o t a l  p o t e n t i a l  energy is dominated by the  boun- 
dary  f lux terms, HF and V F  As stated  previously,  sample cal- 
cu la t ions  ind ica ted  tha t  t e r m  - w a s  several  orders  of magnitude 
smaller   that  terms H F  and VF Values  of HF and VF given by 
West (1973) for  ind iv idua l  layers  of a mature cyclone are similar 
in  bo th  magnitude and s ign  to  the  p re sen t  r e su l t s .  
n " an 
a t  
n n -  II II 
Many of the processes observed near the squall  l ine are re- 
f lec ted  in  the  energy  budget  for  the  en t i re  AVE area  a t  0600 GMT 
( T a b l e  7 ) .  Vertical t o t a l s  o f  a l l  terms except G have the same 
s ign  for  bo th  areas, and values a t  ind iv idua l  layers  ind ica te  tha t  
maxima and minima for  ind iv idua l  terms often occur near the same 
pressure level .  Since values  for  the l imited volume are of ten an 
order of magnitude greater than corresponding values for the large 
.. . . . .. . 
Table 7. Average  budget  for  the AVE IV experiment  area at 0600 G" On  25  April. 
The area is 49 .O x 1011 m2. 
a K  
at HFK vEK -'X K Pressure Layer - D G 'K PW wX 'A 
mb 135J m-2 w m-2 w m-2 W m w m-2 w m-2 W m   W m  -2 w m -2  -2 -2 W m  W m  -2  -2 W l T l  -2 
200-100 
300-200 
400-300 
500-400 
600-500 
700-600 
800-700 
900-800 
sfc-900 
4.2 -0.7 0.7 -0.1 -1.1 1.1 
5.6 0.9 1 .6  -1.7 3.5 -2.7 
3.4 0 . 1  0 . 8  -1.2 0 . 3  -0.7 
2.1 -0.9 0.5 -0.3 -0.5 -0.2 
1 . 3  -0.9 0 . 3  1.0 -0.7 1 . 2  
0.9 -0.7 0.5 1.4 -0.6 1.7 
0.6 -0.3 0.3 0 .5  -0.7 1 . 2  
0.5 -0.1 0 . 1  0.3 0.9 -0.6 
0.3 "3.0 0 . 1  0 . 1  1 .6  -1.4 
Vertical t o t a l   1 8 . 9  -2.5  4.1 -0.0 2.7  -0.6 
-20.2 1.1 216.4 
1 .3  -3.5 72.5 
16.0 -0.3 88.3 
35.2 0 . 5  59.3 
6.5 0 .7  59.6 
-13.8 0.6 65.0 
-12.0 0.7 7 . 3  
-81.6 -0.9 -6.9 
-109.4 -1.6 -72.9 
-178.1  -2.7  489.3 
' 776.4 
920.6 
655,.6 
349.4 
-7.4 
125.7 
-288.6 
-329.9 
-288.8 
1913.1 
-18.7 
-666.7 
-346.6 
-139.9 
216.2 
101.8 
314.2 
305.6 
33.0 
-201.1 
22.6 
-45 -2  
-73.7 
-75.4 
-58.6 
-40.5 
-30.2 
-12.7 
-4.0 
-317.7 
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volume, th i s  sugges ts  fur ther  the  grea t  impact  tha t  re la t ive ly  smal l  
volumes enclosing convection have on surrounding larger volumes. 
The importance of convection also can be seen by comparing the 
budget of the limited volume enclosing the squal l  l ine (Table  6) 
with the budget obtained by averaging over the entire AVE IV area 
and over a l l  n i n e  time periods (Table 4,  p. 4 1 ) .  Differences in  
s ign  o f  ve r t i ca l  t o t a l s  of K-conversion and diss ipat ion are  especial-  
l y  no t i ceab le ;  ve r t i ca l  p ro f i l e s  of these two terms a re  qu i t e  d i f -  
f e r en t  fo r  t he  two averages as well .  Although the large area i s  
characterized by K-conversion to   po ten t ia l   energy  and transfer of 
kinet ic  energy to  gr id  scales  of  motion,  s ignif icant  areas  of  the 
opposite processes are occurring. The remaining terms often ex- 
h i b i t  s i m i l a r  shaped ve r t i ca l  p ro f i l e s ,  bu t  t he  magnitudes of the 
terms for  the individual  squal l  l ine are  general ly  much larger than 
those obtained by averaging over the entire experiment. 
These r e su l t s  i nd ica t e  tha t  imbedded within the tranquil-  
looking energy budget of the entire AVE I V  experiment i s  a squal l  
l i n e  whose energy processes are larger than those reported for 
mature cyclones. 
ii. Energy  balance  of  the  total  potential  energy  equation. 
When the total  potent ia l  energy budget  i s  computed f o r  such a 
l imited volume and for  only one time period, the question of a bal- 
anced budget naturally arises. Good balance i s  found f o r  t h i s  
study, however. A res idua l  w a s  computed from the potent ia l  energy 
equation, (21); term - w a s  neglected because of its small size. 
The res idua l  represents  e r rors  due to  the  inpu t  da t a ,  t he  assump- 
t i ons  made, and limitations of the computational procedures, and 
a l s o  r e f l e c t s  a n  i n a b i l i t y  to resolve relatively small-scale 
features  in  both t ime and space with the available data.  TO some 
extent then, it indica tes  a t r ans fe r  of t o t a l  p o t e n t i a l  energy be- 
tween subgrid scales and larger scales. The value of the  res idua l  
always i s  smaller than the values of the more important budget 
terms in  the  n ine  100-mb l ayers  and frequently is an order of mag- 
nitude smaller a t  0600 GMT on 25 April .  The r a t io .o f  t he  r e s idua l  
t o  t h e  sum of the absolute values of the other individual terms 
an 
a t  
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i n  (21)  is l e s s  t han  0.15 i n  most layers.  Balance is general ly  
poores t  i n  t he  200- t o  100-mb layer .  A ra t io  of  about  0.12 w a s  
ob ta ined  in  250-mb l aye r s  fo r  an available potential  energy study 
of North America during an ent i re  month (Smith and Horn, 1969). 
Balance f o r  some time periods and volumes o f  t h i s  s tudy  i s  b e t t e r  
than a t  0600 GMT, and worse than a t  0600 GMT fo r  o the r s ,  bu t  it is 
fe l t  t ha t  t he  t r ends  o f  t he  r e su l t s  and the nature  of the  infer red  
processes can be considered with great confidence. 
d. The energy  budget  of 5 decaying  squall l i n e  
A second s q u a l l  l i n e  case is  examined i n  t h i s  s e c t i o n  t o  
determine i f   r e s u l t s  of the previous case are an isolated phenomenon. 
This  squa l l  l ine  began p r i o r  t o  t h e  start of the AVE I V  experiment 
and was already well developed, but not a t  peak in t ens i ty ,  when t h e  
experiment began a t  0000 GMT on 24 April .  The d iss ipa t ion  s tage  
of the l i fe  cycle  of  convect ion can be examined i n  g r e a t e r  d e t a i l  
wi th  th i s  case .  The  same investigative approach as before w a s  
used fo r  t h i s  squa l l  l i ne ;  Tab le  8 gives  horizontal  areas of the 
l imited volumes used to  enc lose  the  squa l l  l i ne  a t  four sampling 
times . 
Table  8.  Areas  for which average  .energy  budgets  were computed 
f o r  t h e  s q u a l l  l i n e  forming a t  0000 GMT on 24 April .  
Time N u m b e r  of   points Area (m ) 2 
0000 GMT, 24 Apri l  22 8.2 x 10 
0600 GMT, 24 April  28 10.0 x 10 
1200 GMT, 24 Apri l  25 9.1 x 1 0  
1500 GMT, 24 April  20 7.6 x 10 
11 
11 
11 
11 
1) Average ene rge t i c s  i n  the  v i c in i ty  o f  t he  squa l l  l i ne  
i. Diabatic  processes.  Heating  in  the  middle  and  upper 
troposphere i s  the  dominant f ea tu re  in  the  ve r t i ca l  p ro f i l e  o f  
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diabatic processes (Fig.  2 2 ) .  The maximum value of 285 W m-2/100 
mb occurs a t  0600 GMT a t  450 mb, near the t i m e  of peak convective 
act ivi ty .   Values   of   heat ing  decrease  af ter  0600 GMT. Radiation 
e f f e c t s  dominate near the ground and near 150 mb i n  a similar man- 
ner to  that  observed for  the previous squa l l  l i n e  case. 
ii. Energy  conversion terms. The value  of term C i n   t h e  
A 
sur face-  to  100-mb layer  i s  near zero a t  the beginning of the ex- 
periment although some conversion t o   k i n e t i c  energy is  evident 
below 600 m b  and  above 300 m b  (Fig. 23). Conversion to kinetic 
energy increases a t  a l l  l e v e l s  a t  0600 GMT then s teadi ly  decreases  
so tha t  the  range  of values observed near the time of dissipation 
(1500 GMT) is similar t o  t h a t  observed in the formation stage.  
The  maximum value, occurring a t  about 450 mb, is somewhat l a rge r  
fo r  t h i s  ca se . than  fo r  t he  p rev ious  case; t h e  same i s  t r u e  for  the  
maximum value of term G. 
Conversion from po ten t i a l  t o  k ine t i c  ene rgy  due to  c ross -  
contour flow ( t e r m  -C ) i s  occurring a t  a l l  l e v e l s  a t  0000 GMT 
(Fig. 2 4 ) .  The conversion t o  k i n e t i c  energy increases in magni- 
tude by the time of peak convective activity, then decreases by 
1200 GMT so that  conversion to  potent ia l  energy occurs  above 
300 mb. A t  t he  l as t  t i m e  period (1500 GMT) conversion t o  k i n e t i c  
energy exis ts  below 400 mb with conversion to potential energy 
occurring above that level.  The cyclic nature of changes in 
t e r m  -C is similar t o  t h a t  observed for the previous case 
above approximately 600 mb, but the tendency for enhanced conver- 
s ion  to  po ten t i a l  ene rgy  in  the  800- t o  600-mb layer  associated 
with peak convective activity is not  as evident, however. 
K 
K 
The r a t i o  I-CKI/ICAI i n  t h e  s u r f a c e -  t o  100-mb layer  is near 
0.35 a t  0000 GMT but i s  less than 0.06 a t  the remaining times, and 
v e r t i c a l  p r o f i l e s  o f  -C and C are genera l ly  qui te  d i ss imi la r  
which indicates  major  interact ion between the  l imi ted  volume and 
the surrounding volume. 
K A 
iii. Boundary fluxes  of  kinetic  energy.  Values  of term 
HFK (Fig. 25) are cyc l i c  i n  na tu re  and appear very similar to  those 
of  the previous squal l  l ine.  Outf low of  kinet ic  energy in  the 
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lower half of the atmosphere and inflow in the upper half a t  0000 
GMT change t o   i n f l o w   i n   t h e  lower half  and outflow aloft  by 0600 
GMT, then  re turn  to  the  or ig ina l  conf igura t ion  by 1500 GMT. Low- 
level  horizontal  inf low a t  peak in t ens i ty  is  mre pronounced f o r  
t h i s  case than for  the previous squal l  l ine.  The value of horizon- 
t a l  t ransport  near  300 m b  i s  influenced by the proximity of the 
convect ion to  the j e t  stream. Kinetic energy is  advected into the 
volume enclosing convective activity during the formation stage 
and advected out of the volume afterwards.  
Values  of VF (Fig. 26) a l s o  are similar to those observed 
K 
previously. Minimal v e r t i c a l  f l u x  a t  0000 GMT changes to  s t rong  
export  of kinetic energy in the lower half of the atmosphere and 
strong import of kinetic energy aloft a t  the t i m e  of peak convec- 
t i v e  a c t i v i t y  (0600 GMT) . Values then decrease to near zero by 
1500 GMT. Since upward v e r t i c a l  motion occurs i n  t h e  area, values 
of HF and VFK ind ica te  that low-level kinetic energy is imported 
hor izonta l ly ,  car r ied  a lof t ,  and then exported horizontally near 
the j e t  stream. 
K 
iv.   Dissipation of kinetic  energy. Vertical p r o f i l e s  of 
D (Fig. 27) are cons iderably  d i f fe ren t  for  th i s  case than  for  the  
previous one. Instead of enhanced transfer of kinetic energy from 
subgrid scales of motion to  l a rge r  s ca l e s  nea r  700 mb, values a t  
t h i s  l e v e l  remain nearly constant with no systematic changes oc- 
curring. Above 500 mb, transfer  of  energy to  subgrid scales of 
motion a t  0000 GMT gradual ly  changes to  t ransfer  of energy t o  lar- 
ger scales by 1200 GMT, then becomes near zero by  1500 GMT. Phys- 
i ca l  processes  that  are unresolvable in space and time produce a 
d i f f e r e n t  r e s u l t  f o r  t h i s  s q u a l l  l i n e ,  b u t  t h e i r  n a t u r e  i s  unknown. 
v. Time der iva t ive  of k ine t i c  energy.  Values  of term - a IC. a t  
range between f3 W m 2/100 mb i n  t h e  lower half of the atmosphere 
and are between 3 W m-2/100 m b  and -12 W m-2/100 m b  above 500 mb 
(Fig.  28) .  In  this  squal l  l ine case, term - appears less nega- 
t i v e  when the enclosed convection i s  intense.  The ef . fect  i s  small 
and d i f f e r s  from the  resu l t  o f  the  prev ious  case ind ica t ing  tha t  
- 
a K  
a t  
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Fig. 27. Vertical ;lrofiles of term D for the 
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the net balance bekween t h e  component processes  a f fec t ing  k ine t ic  
energy i s  somewhat d i f f e ren t .  
v i .  Boundary f luxes  of   total   potent ia l   energy.  Values  of "-
terms HF (Fig. 29) and VF (Fig. 30) i n d i c a t e   t h a t   t o t a l   p o t e n t i a l  
energy i s  imported horizontally in the lower half  of the atmo- 
sphere,  transported aloft ,  and then exported horizontally when con- 
vection enclosed by the  volume i s  a t  peak i n t e n s i t y  (0600 GMT). 
Values of the two terms decrease systematically in magnitude a f t e r  
that  t ime. The boundary f lux  processes  a re  similar to  those ob- 
served during the previous squall  l ine.  
n n 
2 )  Energy  budget a t  peak in t ens i ty  
Table 9 gives a composite energy picture of t h i s  squall l i n e  
case a t  peak in t ens i ty ,  0600 GMT on 24 April ,  for an area of 
10.0 x 10 l1 m2 shown i n  Fig. 1 2  (p. 5 3  1. The magnitudes and types 
of energy processes occurring a t  t h i s  t i m e  are similar to  those 
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Table 9. Average energy  budget for  the l imited area enclosing a squa l l  l i ne  
a t  0600 GMT on 24 April .  The area is  10.0 x m2 (Fig. 1 2 ,  p. 53) . 
a K  
Pressure Layer  K 
-
at HFK VI? K -% D G cK PW mil "r: 
mb l o 5  J rn-' w rn-' w rn-' w I? m-2 w m-2 w w m m-2 I m  rn-2 -2 -2 -2 -2 W m  
200-100 
300-200 
400-300 
500-400 
600-500 
700-600 
800-700 
9oc-800 
sfc-900 
3.2 
5.4 
3.7 
3 .O 
2.4 
1 .7  
1 . 3  
1 .0  
0.4 
-4.3 
-6.5 
-2.1 
0 .2  
0 .5  
0.4 
-0.6 
-1.4 
-0.7 
Vertical to ta l  24.1  -14.4 
10.9 
29.5 
12 .8  
3.7 
-2.4 
-3.6 
-3.2 
-2.3 
-0.9 
44.6 
-3 . 7  
-13 .7  
-4.5 
0 . 8  
6 .. 5 
6 .8  
3 . 8  
2 . 2  
1 . 0  
- 0 . 8  
12.2  
11.8 
6 .2  
4 .8  
3.3 
4.4 
2.9 
0.5 
1 .5  
47.5 
-9.3 
-2.4 
0 . 1  
-0.1 
1 .5  
-0.6 
-2.9 
-2.1 
-2.1 
-18.0 
-84.7 -12.2 
50.2 -11.8 
234.1 -6.2 
285.0 -4.8 
257.3 -3.3 
102 .8  -4.4 
7.6 -2.9 
-97.8 -0 .5  
-105.2 -1.5 
303.9 2672.0 
111 .3  7914.1 
-496.1  4967.5 
-501.2  1187 .O 
-442.6  -2683.8 
-309.2  -5536.9 
-18.3  -5797.0 
-161.2  -4637.5 
-192.8  -2871.6 
-1609.5 
-7524.6 
-6710.7 
-2941.4 
1134.3 
4457 .l, 
5732.9 
4131.1 
2195.4 
649.4  -47.5 -1707.0  -4845.3 -1134.8 
20.4 
-469.7 
-1015.3 
-1109.4 
-957.9 
-683.6 
-383.0 
-163.0 
-34.1 
-4795.7 
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observed for  the previous case a t  peak in t ens i ty  ( T a b l e  6, p.64 1. 
Heating i n  t h e  800- t o  200-mb l a y e r  t o t a l s  937.0 W m , correspond- 
i n g  t o  a r a i n f a l l  rate of  0.13 c m  h (0.05 i n  h - l )  i f  a l l  of the 
heat ing is  due to  la tent  heat  of  condensat ion,  and i s  somewhat 
larger  than the previous case. Maximum heat ing for  both cases 
occurs near 450 mb. 
-2 
-1 
A-conversion to  k ine t ic  energy  ( t e r m  C ) is a l so  g rea t e r  fo r  
A 
t h i s  case than the previous one al though the ver t ical  prof i les  are 
similar i n  shape. Only about  1.0%  of term C i s  rea l ized  in  c ross -  
contour conversion t o  k i n e t i c  energy ( t e r m  -CK). The v e r t i c a l  t o t a l  
of  47.5 W m f o r  term -C is  much larger than observed in the 
v i c i n i t y  of  mature  cyclones (Kung and  Smith,  1974).  Vertical 
t o t a l s  of  terms H F  and V F  are similar for   the two cases. Bound- 
a ry  f lux  and diss ipat ion processes  are  large enough i n  both cases 
t o  overcome the large generation of kinetic energy and produce 
negative values of term - i n  most layers of the atmosphere. 
Boundary f luxes of  total  potent ia l  energy are  somewhat la rger  
for  th i s  case  than  for  the  prev ious  one and dominate the budget. 
A 
2 
K 
K K 
a K  
a t  
Some of the processes observed in the relatively small volume 
enclosing the squal l  l ine a t  peak i n t e n s i t y  a r e  r e f l e c t e d ,  t o  a 
lesser  degree,  in  the budget  of  the ent i re  AVE a r e a  a t  0600 GMT 
( T a b l e  l o ) ,  bu t  t he re  a re  some notable  exceptions. The large 
volume is  characterized by K-conversion t o  p o t e n t i a l  energy and 
t r ans fe r  of k ine t i c  energy from subgrid to  gr id  scales  of  motion 
while the opposite processes occur near the area of intense con- 
vection. Diabatic cooling near the surface and above 300 mb is 
la rge  enough to  cance l  the  weak heat ing occurr ing in  the middle 
troposphere for the larger volume, but  heat ing is  ind ica t ed  in  
the  ve r t i ca l  t o t a l  o f  t he  small volume. 
Values of a l l  terms are smaller  for  the large volume than 
f o r  t h e  more l imited volume and l ike  the  prev ious  squa l l  l ine  case, 
some terms are an order of magnitude smaller. Vertical profiles 
of the various boundary flux terms and t i m e  derivative term are 
general ly  similar i n  shape for  bo th  volume s izes .  
In summary, most of the systematic changes observed for the 
Table 10. Average energy budget for  the AVE I V  experiment area a t  0600 GMT on 24 April. 
The area is 49.0 x 10 11 m2 
K a K  
at HFK vFK -CK 
- D G cK PW HFn wn ' CA Pressure Layer 
mb l o 5  J m-2 W m  W m  -' w m w m-' W m  -2 m-2 -2 m-2 -2 m-2 m-2 *-2 -2  W m  
~ ~ 
200-100 
330-200 
400-300 
500-400 
600-500 
700-600 
800-700 
900-800 
sfc-900 
4.6 
5.3 
3.3 
2.1 
1.5 
1.2 
1 .o 
1.1 
0 .5  
-1.7 2.7 0.4 
-1.3 4.6 -2.6 
-0.1 0.6 -0.7 
-0.3 0.2 -0.1 
-0.4 -0.1 0.9 
-0.5 0.0 0.7 
-0.6 0 .1  0.3 
-0.3 0 .2  0 .6  
-0 .l 0.2 0.3 
-4.5  5.9 
-2.9  3.6 
-1.1 0 .8  
-1.6  1.5 
-2.1  2.5 
-1.4  1.6 
-0.9 0.8 
1.2  -0.7 
2.9 -2.5 
-66.2 4.5 269.4 
-13.9 2.9 117.4 
22.4 1.1 l i 0 . 5  
20.5 1 .6  54.3 
16.0 2.1 53.7 
-13.9 1.4 51.7 
-39.6 0.9 19.2 
-98.6 -1.2 -28.5 
-100.7  -2.9  -82.0 
Vertical total 20.5  -5.4 8.7 -0.2  -10.5 13.5  -274.0  10.5  565.6 
943.9 
1435.9 
1063.6 
570.1 
-21.6 
-259.8 
-505.7 
-591.5 
-203.6 
2431.2 
-1.1 50.4 
-1025.3 "45 .O 
-677.0  -104.6 
-380.2 -120.3 
209.5 -102.0 
440.9  -70.4 
572.8  -42.2 
491.5 -16.4 
-84.2  2.9 
-453.0 -453.3 
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f i r s t  s q u a l l  l i n e  c a s e  are observed in the second case as well .  A l -  
though there are considerable differences in terms - and D between 
the  two cases ,  ve r t i ca l  p ro f i l e s  and magnitudes of the remaining 
terms are generally similar. The  two s e t s  of resu l t s  sugges t  tha t  
observed energy changes associated with intense convection are not 
i so la ted  phenomena. 
a K  
a t  
e .   Spa t ia l  maps of  energy  budget terms 
The f inal  s tep of  " te lescoping in"  on energy processes associ- 
ated with convection i s  a d iscuss ion  of  spa t ia l  maps of energy bud- 
get terms. These maps provide a means of  direct ly  re la t ing ener-  
getics to observed areas of convection without averaging over par- 
t i c u l a r  volumes. Since the limited volumes  of the previous sec- 
t i ons  were defined solely on the basis of MDR data, average values 
fo r  such volumes do not describe adequately energy processes that 
are not centered over the area of convection. Fields of terms G,  
CA? -cK? WK, WK, at. aK and D a r e  shown a t   t h ree   t ime   pe r iods  on 
25 April  a t  0000 GMT, 0600 GMT, and 1200 GMT, so tha t  energe t ics  
of the  squa l l  l ine  can be examined before, during, and after peak 
in tens i ty .  It is no t  poss ib l e  to  p re sen t  spa t i a l  f i e lds  o f  a l l  
terms i n  the energy budget equations a t   a l l  nine time periods be- 
cause of the large number of maps involved, but those presented 
describe some of the more important energy processes and establish 
time continuity and ver t ica l  cons is tency  of the  f ie lds .  In  the  
discussion that  fol lows,  layer  1 w i l l  be used t o  r e f e r  t o  t h e  
sur face-  to  700-mb l ayer ,  l ayer  2 t o  the  700- t o  400-mb l ayer ,  and 
layer  3 t o  t h e  400- t o  100-mb layer. Positive values of terms are 
shown by so l id  l i nes ,  and negative values by dashed l i nes ;  a l l  
values  represent  integrated quant i t ies  through the given layer  
expressed in W m . Convection  with MDR values greater than or 
equal  to  4 is indicated by scalloping. 
-2 
1) S p a t i a l  f i e l d s  a t  0000 GMT on April  25 
i. Diabatic  processes.  Areas  of  generation  of  total  poten- 
t i a l  energy due to  d iaba t ic  hea t ing  i n  layer  2 r e l a t e  we l l  t o  t he  
precipitation occurring over South Dakota, the Appalachians, and 
80 
the  Midwest States  (Fig.  31a) .  The convection  occurring  near 
Oklahoma had formed during the previous hour, and no heating i s  in- 
d i ca t ed  in  tha t  a r ea .  Maximum diabat ic  heat ing over  the squal l  l i n e  
i s  about 600 W mm2 i n   l a y e r  2 over Missouri. 
ii. Energy conversion  terms.  A-conversion to   k ine t ic   energy  
occurs over many of  the  prec ip i ta t ion  areas i n  l a y e r  1 (Fig. 31b) 
with maxima located over Missouri and West Virginia. Conversion t o  
kinetic energy due to cross-contour flow (term -C ) occurs over al- 
most t he  en t i r e  AVE I V  area (Fig. 31c)  which i s  expected since fric- 
K 
t i ona l  
values 
shower 
closed 
e f f e c t s  a i d  i n  this  conversion near  the ground. Maximum 
of term -C are over North Carolina,  sl ightly east of  the 
a c t i v i t y  and southeast   of  the maximum value  of term C N o  
centers  of  K-conversion are seen a t  t h i s  t i m e  over the Mid- 
K 
A' 
west States associated with the developing squall  l ine.  
Negative  values  of t e r m  C indicat ing conversion ' to  kinet ic  
A '  
energy, occur in layer 3 a long  the  squa l l  l i ne  in  the  Midwest 
with  magnitudes  reaching -2.5 x 1 0  W m over  southeastern Okla- 
homa (Fig.  31d).  Areas of maximum K-conversion i n  l a y e r  3 (Fig.  31e) 
occur near the areas of maximum A-conversion.  Conversion t o  
kinetic energy is  seen along and s l i g h t l y  w e s t  of t he  squa l l  l i ne  
while conversion to potential  energy is  occurring over the southern 
Mississippi Valley. 
3 -2 
iii. Horizontal  boundary  flux  of  kinetic  energy. Weak low- 
level  inf low of  kinet ic  energy,  less  than -10 W m , occurs along 
and j u s t  east o f  t he  squa l l  l i ne  in  the  Midwest (Fig.  31f).  Areas 
of horizontal inflow and outflow are associated with the older 
p rec ip i t a t ion  area occurring along the Appalachians. Similar areas 
w i l l  be  seen along the squal l  l ine a t  la ter  time periods. The con- 
d i t ions  seen  in  layer  1 genera l ly  reverse  in  layer  3 (Fig. 31g) 
as seen previously in  budgets  for  l imited areas .  Maximum magni- 
tudes  of  term i n   l a y e r  3 general ly  are l e s s   t han  75 W m . 
-2 
-2 
K 
i v .  Vertical boundary flux  of  kinetic  energy.  Fields of 
VF i n  l a y e r s  1 and 3 (Figs.  31h-i)  and  vertical  motion  (Fig.  10, 
p. 45)  indicate  that  kinet ic  energy i s  t ranspor ted  a lof t  near  the 
squa l l  l i ne  and near  the  Appalachians.  Magnitudes  of VF are r a the r  
K 
K 
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(a) Term G, 10 W m , layer 2 2 -2 
3 -2 (b) T e n  CA, 10 W m , layer 1 
Fig. 31. Spatial fields of energy budget terms at 
0000 GMT on 25 April. Superimposed are areas 
of MDR values 2 4. 
I 
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(d) Term CA, 10 W m , layer 3 
Fig.  31. (Continued) 
3 -2 
(f) Term WK, 10 W m , layer 1 1 -2 
Fig. 31. (Continued) 
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(e) Term -CK, 10 W m , l a y e r  3 1 -2 
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(9) Term mK, 10 W m , layer 3 1 -2 
Fig. 31. (Continued) 
(j) Term D, W m , layer 1 -2 
Fig. 31. (Continued) 
86 
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(m) Term - , layer 3 aK m-2 a t r  
Fig. 31 (Continued) 
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weak a t  th i s  t ime ,  less than 6 W m i n  l a y e r  1 and less than 30.0 
W m i n   l a y e r  3 .  
-2 
-2 
v.  Dissipation of kinetic  energy. Most of  the  area i n  l a y e r  1 
i s  experiencing negative dissipation which is expected since layer 1 
includes  the  surface  (Fig.   31j) .   Posit ive  values are much smaller 
than the negative values and do not show  much r e l a t i o n  t o  t h e  con- 
vection. Centers of positive and negative dissipation are seen i n  
layer 3 (Fig. 31k). Transfer of kinetic energy from subgr id  to  gr id  
scales  occurs  in  the northeastern port ion of  the squal l  l ine while  
the reverse occurs in the central  and southwestern portions.  
v i .  Time der iva t ive  of kinetic  energy.  Relatively small 
values of - are seen i n  l a y e r  1; negative values are l a r g e s t  i n  
the Appalachians and are associated with a low-level wind maximum 
(Fig.  311). Maximum inc reases  in  k ine t i c  ene rgy  in  l aye r  3 are found 
i n  n o r t h e r n  I l l i n o i s  j u s t  east of an advancing short wave and north 
of the squall  l ine (Fig.  31m), but values are r e l a t i v e l y  small when 
compared t o  t h e  component energy processes. 
a K  
a t  
2)  S p a t i a l  f i e l d s  a t  0600 GMT on April  25 
Although the  ver t ica l  p rof i les  of  energy  budget  terms shown 
previously indicate considerable changes between 0000 GMT and 0600 
GMT, the  changes  in  spa t ia l  f ie lds  are even more dramatic.  Figure 
32 contains maps f o r  0600 GMT. 
i. Diabatic processes. The area of   d iaba t ic   hea t ing   in   l ayer  
2 grows i n  area and i n t e n s i t y  as the  squa l l  l i ne  in t ens i f i e s  (F ig .  
32a). The  maximum value  of 2 . 3  x 10 W m i s  nearly  four times 
larger  than the maximum value observed 6 h ear l ie r  whi le  the  a rea  
of heating corresponds almost perfectly t o   t h e  area of convection. 
The maximum value corresponds t o  a r a i n f a l l  r a t e  o f  0.32 cm h 
-1 
(0.13 i n  h ) which i s  w e l l  below the  maximum observed rainfal l  
rate of  5.1 cm h (2.0 i n  h ) ,  but  as Fankhauser  (1969)  pointed 
out,  such differences are reasonable when area coverage is  considered. 
Weak diabat ic  cool ing is occurring over most of the remainder of the 
AVE IV area. 
3 -2 
-1 
-1  -1 
ii. Energy  conversion terms. Maximum A-conversion t o   k i n e t i c  
energy i n  l a y e r  1 occurs along and slightly east of  the  squall l i n e  
89 
(b) Term  CA, 10 W m , layer 1 
Fig. 32. Spatial  fields of energy  budget terms at 0600 GMT on 
25 April.  Superimposed are areas  of MDR values 2 4 .  
3 -2 
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(c) Term-CK, 10 W m , layer 1 1 -2 
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. (f) Term HFK, 10 W n~'~, l aye r  1 
Fig.  3 2 .  (Continued) 
1 
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(9) Term HFK, 10 W m , layer  3 1 -2 
r 
(i) Term VF W m , layer 3 -2 K 
(j) Term D, W m-', layer 1 
Fig. 32. (Continued) 
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95 
(m) Term - , layer  3 aK m-2 a t '  
Fig. 32. (Continued) 
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(Fig.  32b). The area has expanded s ince 0600 GMT, and maximum values 
have. nearly doubled to near -1.8 x 10 W m . 3 -2 
A w e l l  defined area of K-conversion to  kinet ic  energy (Fig.  32c) 
has formed over western Tennessee, just east of  the squal l  l ine and 
near the location of maximum A-conversion t o  k i n e t i c  energy. The 
maximum value of -C is  44 W m or about 2.5% of the maximum value 
of CA. Relat ively weak K-conversion to  potent ia l  energy occurs  over  
much of the area covered by the  squa l l  l i ne ;  cen te r s  are loca ted  to  
the northeast  and southwest of the s t rong area of conversion t o  
kinetic energy. The spatial  f ields provide valuable information 
i n  t h i s  s i t u a t i o n  s i n c e  t h e  maximum value of term -C i s  located 
barely inside the l imited area over which averages were computed 
(Fig. 11, p.  52). 
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The area of A-conversion to  k ine t i c  ene rgy  in  l aye r  3 i s  much 
la rger  a t  0600 GMT than a t  0000 GMT; and maximum values have in- 
creased  to  -3.8 x 10 W m over  southwestern  Missouri  (Fig.  32d). 
Dual centers  are  located near  the area of most intense convection 
while much weaker conversion to  potent ia l  energy occurs  over  most 
of the remainder of the AVE I V  area.  
3 2  
K-conversion t o  k ine t i c  energy occurs over nearly a l l  of the 
s q u a l l  l i n e  i n  l a y e r  3 (Fig. 32e). The maximum value of 225 W m 
is found over cent ra l  I l l ino is ,  a long  the  nor thern  edge of the 
squa l l  l ine .  While t h i s  v a l u e  i s  very large compared t o  r e s u l t s  
of previous investigators,  most previous work has been presented  in  
terms of  averages  only. West (1973), who has  presented spat ia l  
f ie lds ,  repor ted  a maximum value of about 200 W m associated with 
cyclogenesis, however. Synoptic maps for  the  cur ren t  s tudy  revea l  
wind speeds  of Q50 m s associated with the jet  stream near 11- 
l ino is  wi th  marked cross-contour flow; t h i s  s u g g e s t s  t h a t  t h e  l a r g e  
value i s  indeed valid. 
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iii. Horizontal boundary f lux  of k ine t i c  energy.  Low-level 
" 
horizontal  inflow of kinetic energy continues to occur just  east  of 
t he  squa l l  l i ne ,  and maximum values have more than doubled since the 
last  time  period and are now -25 W m (Fig.  32f) .  An area  of much 
weaker horizontal  outflow occurs along the western portion of the 
-2 
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squal l  l ine .  Outs ide  the  squa l l  l ine  area, values  of HF are re la -  
t i v e l y  small. 
K 
Very large values  of  H F .  occur i n   l a y e r  3 along and northwest of K 
the squal l  l ine (Fig.  32g) .  Maximum values of outflow are near 300 
W m or about four times the  maximum value observed a t  the previous 
time period. The la rge  magnitude  of HF i s  quite  remarkable, and 
values of horizontal velocity divergence, which reach 1 .4  x 10 s 
a t  200 mb over  southern I l l inois ,  are equally remarkable, Ninomiya 
(1971a)  reported  ivergence  values  of QlO s i n   t h e   v i c i n i t y  of 
intense convection and found dramatic changes occurring i i  the value 
as the convection developed. Changes i n  v e r t i c a l  motion associated 
with the convection have been shown in Fig. 10 (p.45 ) .  Figure 329 
indicates areas of horizontal  inflow of kinetic energy t o  the 
northeast  and southwest of the squall line in layer 3. The presence 
of a j e t  maximum over  northern I l l inois  helps expla in  th i s  par t icu lar  
configurat ion of  areas .  
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iv .   Ver t ica l  boundary f lux  of kinetic  energy.  Vertical   export  
" 
of kinetic energy near the ground (Fig. 32h)  and vertical  import  
of kinetic energy in the upper atmosphere (Fig. 32i) occur a t  0600 
GMT near  the squal l  l ine.  Maximum values  in  both layers  have in- 
c reased  grea t ly  in  magnitude while the locations of maximum values 
coincide w e l l  wi th  the  squa l l  l ine .  Much weaker values occur over 
t he  remainder of the AVE I V  area. 
v.  Dissipation of kinetic  energy. A pronounced center  of 
negat ive diss ipat ion is  present  in  layer  1 over southcentral Ten- 
nessee,  just  east of  the squal l  l ine,  while  centers  of  posi t ive 
diss ipat ion occur  a long the northern and southern portions of the 
squa l l  l ine  (F ig .  32 j ) .  These areas are most l i k e l y  r e l a t e d  t o  t h e  
convection (Kornegay and Vincent, 1976), but an exact explanation is 
d i f f icu l t ,  i f  no t  imposs ib le ,  to  de te rmine .  Ward and  Smith  (1976) 
stated that downdrafts should add momentum to  the  g r id - sca l e  motions 
near the ground and thus produce posi t ive diss ipat ion,  but  to  conclude 
i n  t h i s  s t u d y  t h a t  p o s i t i v e  areas are associated with downdrafts 
and the negative areas with updrafts does not seem warranted. The 
f i e lds  o f  HF and VF i n  l a y e r  1 (Figs.  32f,  h) are not  very  help- 
K K 
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fu l  i n  r e so lv ing  the  ques t ion  o f  d ra f t s ,  which is not  surpr i s ing  be- 
cause of the scales of  motion that  can be resolved.  Since f ie lds  
of D are q u i t e  similar to those of  -CK ' (Fig. 32e) , non-representative 
f i e lds  o f  term -C could be factors in producing the observed fields 
Of D. 
K 
S p a t i a l  f i e l d s  of  the  res idua l  in  the  vor t ic i ty  equat ion  have 
been presented by Read (1976) for  the  AVE IV period.  Fields  of  
va lues  of  h i s  res idua l  are of ten  qui te  similar t o  t h o s e  of term D, 
which a l s o  w a s  computed as a res idua l .  The s imi l a r i t y  sugges t s  t ha t  
f i e l d s  of both terms are not caused primarily by computational un- 
ce r t a in t i e s ,  bu t  i n s t ead  are due mostly to  subgr id  processes  which 
are not  resolved in  e i ther  s tudy s ince the same data  were used i n  
each. 
Maximum t r ans fe r  t o  subgr id  sca l e s  occur s  ove r  I l l i no i s  i n  
layer  3 (Fig.  32k).  This area l i e s  t o  t h e  n o r t h  of  the  squa l l  l ine  
and is flanked by areas o f  pos i t i ve  d i s s ipa t ion  to  the  east and 
w e s t .  Maximum values  in  these  centers  a re  up t o  t h r e e  times as 
la rge  as those observed 6 h earlier. The convection undoubtedly 
i s  r e l a t e d  t o  t h e s e  areas as w e l l ,  but again the processes only 
can  be  speculated. Ward and Smith  (1976)  suggested t h a t  e i t h e r  
cumulus c e l l s  a c t i n g  as ba r r i e r s  t o  the  f low o r  nearby j e t  stream 
a c t i v i t y  may cause the observed patterns. 
v i .  Time der iva t ive  of kinetic  energy.  Values  of - i n  
layer  1 (Fig. 321)  and layer  3 (Fig. 32m) are small. Increases   in  
k ine t i c  energy generally are found east of  the squal l  l ine while  
decreases are found t o   t h e  w e s t ,  but  values  of  the term are of ten  
a K  
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an order of magnitude smaller than those of component terms. Although 
small v a l u e s  a t  0600 GMT a re  due p a r t l y   t o  use of a 12-h centered 
t ime difference,  t r i a l  use of a 6-h uncentered time difference did 
not  produce great ly  different  resul ts .  While data  are  too coarse 
i n  space to  reso lve  many important features,  the problem of temporal 
resolution also should be s t ressed ,  even when da ta  a t  3- and 6-h 
in t e rva l s  a r e  used. 
Maximum values of nearly a l l  the  terms presented occur near 
the  squa l l  l ine .  Clear ly ,  the  squa l l  l ine  i s  the center  of  major 
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e n e r g e t i c  a c t i v i t y  i n  t h e  AVE I V  area.  
3 )  Spa t ia l  f ie lds  a t  1200 GMT on Apri l  25 
The very large values of energy terms observed when the  squa l l  
l i n e  w a s  a t  peak in t ens i ty  become smaller a t  1200 GMT (Fig. 33) as 
the convection decreases in strength.  The strongest convection is 
now occurr ing in  southeast  Arkansas. 
i. D i a b a t i c  processes.  Although maximum values  of  heating 
are approximately half the maximum magnitude observed a t  0600 GMT, 
areas of heating relate w e l l  t o   t he   l oca t ion   o f   t he   ' squa l l   l i ne  
(Fig. 33a). Areas of cooling are loca ted  to  the  nor theas t  and west 
of the convective activity.  
ii. Energy conversion terms. Maximum A-conversion t o   k i n e t i c  
energy continues along and s l i g h t l y  east o f  t he  squa l l  l i ne  in  
layer  1 (Fig. 33b) while the area of largest  values has decreased 
somewhat. An area of conversi,on to potential energy is located 
t o  t h e  w e s t  of the convective area and has become stronger  s ince 
0600 GMT. 
Maximum K-conversion to  k ine t i c  ene rgy  in  l aye r  1 i s  located 
over northern Alabama with conversion to potential  energy occurring 
over eastern Tennessee and along the border of Arkansas and Louisi- 
ana  (Fig.  33c). The area  over A l a b a m a  is smaller and less intense,  
but  the areas of conversion to  potent ia l  energy are def ined bet ter  
a t  t h i s  time period. 
The area of maximum A-conversion i n   l a y e r  3 occurs along the 
Ohio River  Valley and over  southeast  Arkansas  (Fig.  33d). The 
area is  not as pronounced a t  t h i s  time period, and maximum values 
are about 25 X 10 W m , about  half  those  observed a t  0600 GMT. The 3 -2 
area of conversion to potential  energy continues near Ohio while 
an  addi t iona l  area has developed over Missouri. 
An area of IC-conversion t o  k i n e t i c  energy i n  l a y e r  3 is located 
along the border of Tennessee and Missouri (Fig. 33e). The area 
has remained nearly stationary and is located to  the northwest  of 
the  squa l l  l ine ;  maximum values have decreased somewhat t o  170 W m . 
A short-wave r idge over  eastern Texas is re l a t ed  t o  the  a rea  of 
conversion to potential  energy located over that  area. 
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(a) Term G, l o 2  W m-2, layer 2 
(b) Term CA, 10 W m , l aye r  1 3 -2 
Fig. 33. S p a t i a l  f i e l d s  of energy  budget  erms a t  1200 GMT on 
25 April. Superimposed are areas  of MDR values 2 4 .  
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(f 1 Term 10 W n~’~, layer 1 1 
Fig. 33. (Continued) 
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(i) Term VF W m layer 3 -2 K' 
Fig. 3 3 .  (Continued) 
(k) Term Dr 10 W m-2r  layer 3 
1 
(1) ~ e r m  w m-2, layer 1 
Fig. 33 .  (Continued) 
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(m) Term - a K  w m , l aye r  3 -2  a t ’  
~ i g .  3 3 .  (Continued) 
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iii. Horizontal  boundary  flux  of  kinetic  energy. Low-level 
horizontal inflow of kinetic energy continues along the eastern por- 
t ion  o f  t he  squa l l  l i ne  (F ig .  33 f ) .  The area of largest  values has 
decreased while the greatest observed value has increased. The 
area of weak horizontal outflow t o   t h e  w e s t  o f  t he  squa l l  l i ne  a t  
0600 GMT has  increased  in  in tens i ty  and is  def ined  be t te r  a t  1200 
GMT than a t  0600 GMT. 
Values  of HF i n  l a y e r  3 have decreased dramatically (Fig. 33g). K 
Maximum values of outflow are reduced to  nea r  200 W m near the 
Great Lakes and  reduced t o  near 75 W m over  southern I l l inois .  
Horizontal outflow occurs generally over the decaying squall line. 
-2 
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i v .  Vertical boundary f lux  of   kinet ic   energy.  Maximum v e r t i c a l  
outflow of kinetic energy in layer 1 is  confined t o  a r e l a t i v e l y  
small area along the Appalachians while an area of  ver t ical  inf low 
i s  located over the central Mississippi River Valley (Fig. 33h). 
The area of inflow formed during the past  6 h. Opposite conditions 
are found i n  l a y e r  3 (Fig. 33i) where ver t ica l  in f low is located 
near the Appalachians and vertical  outflow near Missouri .  Vertical  
motion f ie lds  (F ig .  l o . ,  p. 45) ind ica te  tha t  k ine t ic  energy  is 
transported aloft  over the Appalachians and downward over Missouri. 
v.   Dissipation  of  kinetic  energy. A complex pat tern  of   dis-  
s ipa t ion  a reas  is seen in  layer  1 (Fig.  33j) .  The pa t t e rn  is some- 
what similar to  the  prev ious  time period since negative values occu 
ahead of  the squal l  l ine while  posi t ive values  are seen  along  the ’ 
l i n e  i t s e l f .  P o s i t i v e  v a l u e s  have  doubled  since 0600 GMT so t h a t  
subgrid processes are now a s ignif icant  source of  kinet ic  energy.  
The patterns and magnitudes of layer 3 near  the squal l  l ine (Fig.  
33k) are similar to those observed a t  0600 GMT; while the squall 
l i ne  has  moved t o  the southeast ,  the  centers  of  term D generally have 
moved east or  northeast .  
v i .  Time der iva t ive  of kinet ic   energy.   Fields   of  t e r m  - a K  
also are similar to those observed a t  0600 GMT i n   l a y e r s  1 and 3, 
bu t  magnitudes  have  increased  (Fig. 331-m).  The areas i n  l a y e r  1 
have moved l i t t l e  al though the squal l  l ine has  advanced southeast; 
i n  l a y e r  3, t he  maximum area ove r  I l l i no i s  appea r s  t o  have moved 
a t  
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westward. The s h i f t  from a cen te red  to  a backward t i m e  difference 
is a f a c t o r  i n  t h e s e  motions. 
The decrease  in  magnitude of most of the energy terms a t  1200 
GMT i s  the  most not iceable  feature  of the previous maps. The forma- 
t ion of  areas near  the  squa l l  l ine  where kinetic energy is transported 
downward instead of upward and o ther  areas where conversion to poten- 
t i a l  energy  occurs i s  an  in te res t ing  phenomenon. Perhaps, the 
atmosphere i s  undergoing some type of energy readjustment process 
following the violent processes associated with the intense squall  
l i n e .  
The cont inui ty  and ver t ica l  cons is tency  of t h e  s p a t i a l  maps 
a re  fur ther  ev idence  of t h e  r e l i a b i l i t y  of the computations per- 
formed i n  t h i s  s t u d y .  The  maps reveal  many in te res t ing  processes  
which are l o s t  when averages are obtained,  but  only par t ia l  explana-  
t i ons  are poss ib le  for  many processes. 
f .  Energy budgets  versus MDR values 
1) Procedure 
The l imited volumes used previously to describe systematic 
energy changes associated with convection contained a t  least  twenty 
gr id  poin ts  where prec ip i ta t ion  in tens i ty  could  vary  from MDR 1 t o  
9. The r e l a t ive  in t ens i ty  of convection within each limited area 
w a s  subjectively determined from MDR data within those areas.  The 
purpose of t h i s  s e c t i o n  is t o  r e l a t e  e n e r g e t i c s  o b j e c t i v e l y  t o  t h e  
in t ens i ty  of convection by averaging energy parameters over grid 
po in t s  t ha t  have equal MDR values. This i s  not a t r a d i t i o n a l  s p a t i a l  
average since grid points comprising the average for a pa r t i cu la r  
in tens i ty  a re  not  necessar i ly  ad jacent .  MDR values were assigned 
t o  each numerical grid point (Fig. 5, p. 20) a t  the nine time pe- 
t i ods  by taking the maximum value within 1 / 2  g r id  d is tance  P ~ 8 0  km). 
Averages were then computed over five MDR categories ,  combining a l l  
time periods, where MDR 0-9 included a l l  1512 gr id  poin ts  as de- 
scribed previously,  MDR 0-1 included 1114 gr id  points  associated with 
nonconvection, MDR 2-9 consisted of 398 gr id  poin ts  assoc ia ted  w i t h  
a l l  categories  of convection, MDR 4-9 consisted of 193 poin ts  
c 
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associated with thunderstorm and severe thunderstorm activity, and 
MDR 8-9 consisted of 65 grid points associated with severe thunder- 
storm activity.  The over lapping  c lass i f ica t ion  scheme w a s  used so 
that  averages were based on a large number of  individual  gr id  points .  
2)  Terms of  the  budget  equations 
Resu l t s  o f  t h i s  s ec t ion  w i l l  demonstrate t h a t  magnitudes of 
energy processes are re la ted   to   in tens i ty   o f   convec t ion   de te r -  
mined from indiv idua l  gr id  poin ts .  
i. Diabatic processes.  Diabatic  processes  associated  with 
the average of a l l  gr id  poin ts  and gr id  points  of nonconvective 
areas a r e  much smaller a t  a l l  levels than those observed for grid 
points of convective areas (Fig. 34). Heating in the middle and 
upper troposphere is pronounced and increases  with the intensi ty  of 
convection reaching a maximum of 140 W m i n  the  500- t o  400-mb 
layer.  Since more intense convection occurs in the la te  afternoon 
and evening, radiative cooling is very large near  the surface for  
these categories.  Radiative cooling from the tops of cirroform 
clouds occurs in the 200- t o  100-mb layer.  
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ii. Energy conversion  terms. Net A-conversion  of  energy is  
near  zero in  the layer  from the  sur face  to  1OO’mb for  gr id  poin ts  
i n  nonconvective regions, but conversion t o  k i n e t i c  energy s t ead i ly  
increases  as  averages focus in  on more intense convection (Fig. 35). 
The prof i le  of  term -CK indicates conversion to kinetic energy near 
the ground and a near zero value in the 800- t o  700-mb l ayer  for  
a l l  categories (Fig.  36) .  Conversion t o  p o t e n t i a l  energy becomes 
grea te r  wi th  a l t i tude  above 700 m b  €or  the  to ta l  a rea  and the  poin ts  
associated with nonconvective regions, but conversion to kinetic 
energy increases above 700 mb for the grid points associated with 
convection. Maximum values of -C occur  near  the j e t  stream i n  t h e  K 
case of MDR values 2 to  9 ,  bu t  reach  a maximum near 450 mb fo r  MDR 
values 4 t o  9. A double maximum, occurring a t  450 m b  and  150 mb, 
is evident for the category of most intense convection and was not 
observed in  p rev ious  r e su l t s .  Conversion t o  p o t e n t i a l  energy near 
700 m b  t h a t  was observed in  the  l imi ted  volume enclosing the squall  
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Fig. 36. Vertical p r o f i l e s  of term -C for  various  ranges  of MDR 
values. K 
l i n e  of 25 April  a t  peak intensity (Fig.  15,  p.  57) is not  as 
pronounced in  this  averaging procedure.  
iii. Boundary fluxes  of  kinetic  energy.  Values  of term H F  K 
show r e l a t i v e l y  l i t t l e  va r i a t ion  among the  f ive  ca tegor ies  below 
700 m b  although the category of most intense convection is  associ-  
a ted with s l ight ly  larger  inf low (Fig.  37) .  Values  in  the 300- 
t o  200-mb layer  ind ica te  a systematic increase in horizontal  out-  
f low with an increase in the intensity of convection. The l eve l  
separating inflow from outflow is lower fo r  t he  s t ronges t  convec- 
t ion than for the average of points having MDR values 2 t o  9. This 
f ea tu re  is not  ev ident  in  the  averages  for  par t icu lar  volumes 
t h a t  were presented earlier. 
Only small v e r t i c a l  f l u x  i s  evident in the average of the en- 
t i r e  AVE I V  area and for  gr id  poin ts  assoc ia ted  wi th  nonconvec- 
t ive regions (Fig.  38). Low-level ver t ica l  ou t f low and  upper- 
level  inf low increase in  magnitude fo r  ca t egor i e s  of more intense 
convection. 
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iv. Dissipation of k ine t i c  energy.  Transfer  of  kinetic  energy 
to  subgr id  scales of motion occurs below 800 mb i n  a l l  f ive  ca tegor ies  
' (Fig. 39). Above 800 mb, t r a n s f e r  t o  l a r g e r  scales of  motion  occurs 
over  the  en t i re  area and for  gr id  points  associated with noncon- 
vective regions.  The p ro f i l e s  fo r  t he . ca t egor i e s  of convection 
show  maximum t ransfer  of  energy  to  the  la rger  scales a t  about 650 
m b  and t ransfer  to  subgr id  scales above 550 mb. Differences between 
categories of convection are pronounced near 650 m b  and above 300 ;ob. 
Since  ve r t i ca l  p ro f i l e s  shown previously for  l imited volumes en- 
c los ing  the  squa l l  l i nes  d id  no t  y i e ld  cons i s t en t  r e su l t s  between 
the  two cases f o r  term D ,  the  present  resu l t s ,  which are similar 
to  those observed for  the squall l i n e  o f  25 April (Fig. 18, p. 60) , 
are encouraging. Although physical processes producing the observed 
p ro f i l e s  o f  term D are not completely understood, subgrid processes 
of a l l  types are l a rge  in  a reas  of convection. Several hypotheses 
to  explain the values  have been given previously. 
I .  
v. Time der iva t ives  of kinetic  energy. A l l  f ive   ca tegor ies  
show losses of kinetic energy (Fig.  40) , but  the most intense con- 
vection i s  characterized by considerably larger  losses  above 500 mb 
than the others. Values of - are nearly zero a t  750 mb fo r  MDR 
values from 8 t o  9 while they are more negative for the other cate- 
gories of convection. 
a K  
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Another approach t o  t h e  t i m e  der ivat ive quest ion is t o  com- 
pute  the  to ta l  der iva t ive  which indicates changes following a par- 
cel instead of  the local  der ivat ive which indicates changes a t  a 
f ixed point .  The d a t a  i n  t h i s  s e c t i o n  are used t o  compute an average 
"synopt ic-scale   total   der ivat ive" of kinet ic   energy,  - DK fo r  each 
MDR category. The t o t a l  d e r i v a t i v e  can be expressed symbolically as  
D t  
- = -cK + D, 
DK 
D t  
which ind ica t e s  t ha t  changes in  kinet ic  energy of  a "synoptic-scale 
parcel" are due to cross-contour conversion of energy and diss ipa-  
t i o n  of energy. Smith (197313) ca l led  the  sum -CK + D the net  in-  
ternal source or sink of kinetic energy. Figure 41 reveals rela- 
t i v e l y  small values of - f o r   t h e   e n t i r e  AVE area and fo r  g r id  DK 
D t  
I 
Table 11. Average energy budget f o r  a l l  gr id  points  w i t h  MDR values 4 t o  9.  
The  number of gr id  points i s  193. 
Pres su re  Laye r  
K a L  at HFK vFK -cK D G PW HFrl vFn CF. 
mb ~ O ~ J  m-2 W m  m-2 W m  -2  w m w m-? w n~~ W m  m-2  m-2 m-2 -2  -2 W m  -2 -2 
200-100 
300-200 
400-300 
500-400 
6GO-500 
700-600 
800-700 
sfc-900 
goo-eo0 
4.8 
5 .8  
4.2 
3.2 
2.6 
1.8 
1.2 
0 .9  
0.4 
-2.8 1 .9  -1.0 1.1 -3.0 
-2.4 8.9 -5.6 3 . 1  -2.2 
-0.2 3.4 -3.5 3.0 -3.3 
-0.4 1.5 0 .2  3 .1  -1.8 
-0.6 0 .1  2 . 9  2.7 -0.2 
-0.8 0 .1  3.5 2 .o 0 . 8  
-0.6 0.0 1 .9  0 .6  0.6 
-1.1 -0.6 1.0 1.6 -2.3 
-0.6 -0.5 0.5 2.2 -2.0 
Vertical t o t a l  24.9  -9.5  14.8 -0.2 19.3  -14.2 
-41.8 -1.1 279.9 
10.0 -3.1  162.7 
91.4  -3.0  -151.9 
121.0  -3.1  -92.5 
80.0 -2.7  -102.0 
23.8  -2.0  -12.4 
0 .2  -0.6 -7.7 
-76.9 -1.6 -178.1 
-104.2 -2.2 -308.1 
103.8  - 9.3  -4 2
1369.8 
3878.2 
2212.3 
593.6 
-805.8 
-1523.5 
-1643.5 
-2546.8 
-2442.5 
-914.3 
-390.3 17.4 
-3308.8 -189.6 
-2743.4 433.4 
-917.6 -451.7 
448.5 -383.8 
1480.0 -276.5 
1622.3 -179.9 
1922.0 -97.4 
1361.5 -24.3 
-525.8 -2019.3 
T a b l e  12. Average energy budget for al l  gr id  points  with MJX values 8 to 9. 
The number of grid points i s  65. 
Pres su re   Laye r  K - aK at HFK vFK -cK D G cK PW HFT[ VF n 
m b  ~ O ~ J  m-2 w m-2 W m  m-2 W m  W m  m-2 w m-2 W m  -2 -2  m-2 -2 -2 -2  -2 W m  r i  m 
200-100 5.4 -5.1 5.7  -1.9  7.8  -9.0  -70.1  -7.8  478.9  2239.8 -563.3 33.1 
300-200 6.6  -7.5  14.0  -7.2  4.2  -4.8  11.2  -4.2 
400-300 4.5 
231.5  5073.9  -4263.9  - 59
-2.9  8.6  -3.6 5.0 -2.9 111.5 -5.0 
500-400 
-89.7  3140.1  -3454.0  -553
3.2  -1.7  5.8  0.3  6.4  -1.9  137.1 -6.4 
600-500  2.4  -0.8  2.5 2 . 8  4.4 0 . 1  88.3  -4.4  -123.8 - 35.4 
-45.2  15 9-1707.4  -592.7 
700-600 1 .6  
2.0  -536.5 
-0.3  0.7  5.0  2.3  .3.2 
800-700 
35.8  -2.3 
0.9 
-4.6  -1623.6  07 4-410 8
-0.1 -0.4  2.3  0.2  1.7  3.6 -0.2 
900-800 
-23.9 -2247.8  2163.8  - 84.9 
0.8 -0.8 -1.8 1 .4  1.0 -2.2 -123.1 -1.0 -315.1 -4160.8 3055.2  -162.0 
s:c-900 0.3  -0.5 -1.0 0.7  1.5  -2.3  -160.7  -1.5  -374.4 -3784.2  2470.   -37.3 
Vertical t o t a l  25.7  -19.6  34.2 -0.2  32.7 -18.3  33.5 -32.7  -266.   -248.8  -689.9  -2804.3 
I 
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I 
to  po ten t ia l  energy  occurr ing  in  the  800- t o  300-mb layer .  While 
t h i s  phenomenon w a s  observed t o  some exten t  for  the  squall l i ne  o f  
25 April (Table 6, p. 6 4 )  , it is  not  apparent  in  the MDR averages 
of  e i ther  ca tegory .  Maximum conversion to  kinet ic  energy i s  observed 
near the ground and near the top of the atmosphere in both studies. 
Low- and middle-level horizontal  inflow of kinetic energy is 
seen i n  t h e  r e s u l t s  of M&K while a much more shallow layer i s  seen 
for  the  cur ren t  s tudy .  In  fac t ,  va lues  of  HF f o r  MDR 4 t o  9 a r e  
near zero below 500 mb. Maximum horizontal  outflow near 300 mb is  
common to both s tudies ,  but  the value given by M&K i s  about 1 / 2  
that  observed for MDR values 4 t o  9 and about 1 / 4  t h a t  observed for 
MDR values 8 t o  9. M&K reported a v e r t i c a l  t o t a l  o f  -8.88 W m 
( inf low) while  the value for  the most intense convection of this 
study is  34.2 W m (outflow).  
K 
-2 
-2 
P ro f i l e s  of term VF a r e  q u i t e  similar between the two s tud ie s  
below 400 mb, but  a re  cons iderably  d i f fe ren t  above t h a t  l e v e l .  The 
differences are probably due t o   t h e  method i n  which v e r t i c a l  motion 
w a s  computed and due to  diss imilar  synopt ic  condi t ions.  
K 
Values of term D are comparable between the two s tud ie s  below 
about 500 mb; t h i s  i s  espec ia l ly  t r u e  of the average obtained for 
MDR values 8 t o  9. Larger negative dissipation a t  the surface w a s  re- 
ported by M&K, however. M&K showed t r ans fe r  of  energy  from sub- 
gr id  to  gr id  sca les  of  motion occurr ing  in  the  800- t o  300-mb l ayer  
while  this  feature  extends only to  500 mb for the category of most 
intense convect ion of  this  s tudy.  Both s tudies  ind ica te  maximum 
transfer  of  kinet ic  energy to  subgrid scales of motion in  the  200- 
t o  100-mb layer ,  but  the value of  M&K w a s  about three t imes larger 
than that observed for MDR values 8 t o  9. A major conclusion by M&K 
w a s  t ha t  a r eas  of thunderstorms can dissipate more energy than i s  
created and therefore  must import the remainder, but current re- 
s u l t s  do not support such a conclusion. Values for term - were 
not given by M&K; they were s t a t e d  t o  b e  small. 
a K  
a t  
General agreement e x i s t s  between the  p re sen t  r e su l t s  and those 
of  McInnis and Kung a l though there  a re  in te res t ing  d i f fe rences .  N o  
complete budgets of the total  potential  energy or available 
. .. 
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po ten t i a l  energy of volumes enclosing convective areas occur  in  
the  literature t o  t h i s  a u t h o r ' s  knowledge. 
g.  Energy  budget summary 
"
Average k i n e t i c  and total  potent ia l  energy budgets  (Figs .  44-45, 
respect ively)  of l imi ted  volumes enc los ing  the  squa l l  l ines  a t  th ree  
s t a g e s  i n  t h e i r  l i f e  c y c l e s  are given in schematic form t o  summarize 
the  complex energy processes described in this report .  The l imited 
volumes used here a re  ident ica l  to  those  descr ibed  previous ly ;  the i r  
dimensions a re  g iven  in  Tab le  5 (p. 54 ) and T a b l e  8 (p. 68) . Values 
f o r  t h e  development s tage are an average of those observed i n  t h e  
v i c i n i t y  o f  t h e  f i r s t  s q u a l l  l i n e  case a t  1800 GMT on 24 April  and 
the  second case a t  0000 GMT on 24 April  while values for the mature 
stage are an average of those observed a t  0600 GMT on 24 Apri l  and 
25 April.  The average of values for the l imited volumes enclosing 
the convection a t  1200 GMT on 25 April  and 1500 GMT on 24 April  is 
used for  the diss ipat ion s tage.  Since the budgets  for  each indivi-  
dua l  squa l l  l ine  have a l ready  been  d iscussed  in  grea t  de ta i l ,  on ly  
general comments are g iven  in  th i s  s ec t ion .  
During the development s tage  of  the  squa l l  l ine ,  the  l imi ted  
atmospheric volume i s  characterized by horizontal  inflow and ver- 
t i ca l  ou t f low of k ine t i c  energy near the level of the jet stream, 
and horizontal  outflow and ver t ica l  in f low below tha t  l eve l .  K- 
conversion to kinetic energy, transfer of kinetic energy to sub- 
g r id  sca l e s  of motion, and negative values of term - occur through- 
out  the  ver t ica l  ex ten t  of  the  l imi ted  volume. Diabatic cooling 
is indicated below 400 mb while heating is ind ica t ed  in  the  400- t o  
100-mb layer .  A-conversion to  poten t ia l  energy  occurs  in  the  700- 
t o  400-mb layer,  but conversion to kinetic energy occurs above 
and  below t h a t  layer. Boundary f luxes of  total  potent ia l  energy 
are r e l a t i v e l y  small a t  t h i s  s t a g e  of development. 
a K  
a t  
Magnitudes of most energy processes are much larger  during 
the  mature s tage of the  squa l l  l ine  than  the  development stage.  D i a -  
ba t ic  hea t ing  is pronounced in  the  middle troposphere and is  almost 
certainly the cause of the other changes in energy processes.  
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A-conversion and K-conversion t o   k i n e t i c  energy are found i n  a l l  l aye r s  
of the  atmosphere with the maximum value of C occur r ing  in  the  700- 
t o  400-mb layer and the maximum value of -C occurr ing in  the 400- 
t o  100-mb layer.  The processes of horizontal  inflow and vertical  
outflow of k i n e t i c  and to t a l  po ten t i a l  ene rgy  in  the  lower l e v e l s  
of the atmosphere, together with horizontal outflow and vertical 
i n f low a lo f t  ca r ry  l a rge  quan t i t i e s  o f  k ine t i c  and t o t a l   p o t e n t i a l  
energy up and out of the convective areas. Transfer of kinet-ic 
energy to  subgrid scales of motion occurs i n  a l l  l aye r s  bu t  i s  some- 
what smaller during this stage than the development stage.  Local 
changes of kinet ic  energy are small and negative in a l l  layers  of  
the atmosphere. 
A 
K 
Most energy processes decrease in magnitude as t h e  s q u a l l  l i n e  
d i s s ipa t e s .  Diabatic cooling i s  observed near the ground and near. 
t he  l eve l  o f  t he  je t  stream, but  d iaba t ic  hea t ing  is  observed i n  
t h e  700- t o  400-mb layer .  A-conversion  and  K-conversion t o  k i n e t i c  
energy continue a t  th i s  s t age ,  bu t  magnitudes are smaller than 
during the mature stage in most l aye r s  of t h e  atmosphere. -Total 
potent ia l  energy still is concentrated horizontally in the lower 
atmosphere, transported aloft, and exported near the j e t  stream, 
but  magnitudes of these processes also are smaller. Horizontal ex- 
por t  o f  k ine t ic  energy  occurs  in  a l l  layers of the atmosphere during 
the diss ipat ion s tage while  ver t ical  export  of  kinet ic  energy occurs  
below 400 m b  and vertical  import  occurs above tha t  leve l .  Kine t ic  
energy continues t o  be  t ransfer red  to  subgr id  scales of motion, but 
magnitudes a r e  s l i g h t l y  smaller a t  this  s tage than the mature  s tage.  
Values of - are posi t ive in  the middle  t roposphere but  are negative 
above 400 mb and below 700 mb. 
a K  
a t  
While random e r ro r s  i n  inpu t  da t a  and computational uncertain-, 
t ies a r e  known t o  e x i s t ,  it should again be emphasized t h a t  t h e  
t rends  of  the  resu l t s  and the nature  of  the inferred processes  can 
be considered with great confidence. This conclusion i s  suggested 
by the systematic nature of t he  results,  comparisons with other in- 
. ve.stigators, and the good balance of the potential  energy budget.  
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Random error estimates of t h i s  s t u d y  and those of Vincent and Chang (1975) 
and Kornegay and Vincent (1976) also are use fu l  i n  th i s  r ega rd .  
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6. . CONCLUSIONS 
Synoptic-scale budgets of kinetic and to ta l  po ten t ia l  energy  
f o r  volumes enclosing intense convection have been studied in this 
report .  The a v a i l a b i l i t y  of 3- and 6-h synoptic-scale data from 
the AVE I V  experiment enabled temporal reso lu t ion  of  fea tures  tha t  
would ord inar i ly  be  los t .  
Several  conclusions are drawn from the present  research:  
1) Systematic  temporal  changes  occur i n  most terms of the 
energy budget equations for relatively small  volumes that  enclose 
intense convection. These  changes a r e  r e l a t e d  t o  t h e  l i f e  c y c l e  of 
the enclosed convection. 
2)  The kinetic energy budget of a volume enclosing a squal l  
l i n e  a t  peak in t ens i ty  is characterized by large values  of  K- 
conversion to kinetic energy. The processes of horizont'al inflow 
and ver t ica l  ou t f low in  the  lower leve ls ,  toge ther  wi th  hor izonta l  
outflow and ver t ical  inf low alof t  t ransport  kinet ic  energy up and 
out of the convective areas. Transfer of k ine t ic  energy  to  sub- 
gr id  sca les  of  motion occurs in the volume, while  local  changes in  
k ine t i c  energy a r e  r e l a t i v e l y  small. 
3 )  The t o t a l  p o t e n t i a l  energy  budget of a r e l a t i v e l y  small 
volume enclosing a s q u a l l  l i n e  a t  peak in t ens i ty  i s  character ized 
by large values of latent heat release in the middle troposphere.  
Values of A-conversion are large,  but values of conversion due t o  
cross-contour flow are much smaller  indicat ing large interact ion 
of  the  re la t ive ly  small volumes with the surrounding atmosphere. 
Total  potential  energy is concentrated horizontally i n  the  lower 
l eve l s  of t he  atmosphere,  transported aloft ,  and then exported 
nea r  t he  j e t  stream. Only small  local  changes of  total  potent ia l  
energy occur, however. 
4 )  These r e s u l t s  and those of other  invest igators  suggest  
strongly that the systematic energy changes are due t o  l a t e n t  h e a t  
release  associated  with  convection. I t  is impossible, however, t o  
determine what energy changes would have occurred under similar 
synoptic conditions but without the convection. 
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5) Some of the synoptic-scale energy processes associated w i t h  
t h e  s q u a l l  l i n e  a t  peak i n t e n s i t y  a r e  a s  l a r g e  or larger than those 
observed i n  t h e  v i c i n i t y  of mature cyclones. Relatively small areas 
of intense convection, therefore,  can have a l a r g e  e f f e c t  on la rger  
surrounding atmospheric volumes. 
6) While e r ro r s  i n  inpu t  da t a  and in computational procedures 
l e a d  t o  e r r o r s  i n  t h e  energy terms, these errors are not large enough 
t o  change conclusions based on those terms. Average energy budgets 
fo r  a r eas  as small as 8.0 x 10l1 m2 are reasonable,  and s p a t i a l  
f i e l d s  of Bnergy budget terms show good time continuity and v e r t i c a l  
consistency. 
7) Values of energy processes  are  re la ted to  the intensi ty  of 
convection a t  individual  points .  The energy budgets of po in ts  as -  
sociated wi th  nonconvection d i f f e r  g r e a t l y  from those where con- 
vection i s  observed. 
8) Results of t h i s  inves t iga t ion  a re  i n  general  agreement 
with those of o ther  s tud ies ,  bu t  s ince  marked v a r i a b i l i t y  l i k e l y  
e x i s t s  between individual  areas  of intense convection, more research 
of this nature should be conducted. 
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7 .  RECOMMENDATIONS FOR FURTHER RESEARCH 
Further  s tudies  of  t h e  type presented can  cont r ibu te  to  a 
better understanding of t h e  energetics of convective s y s t e m s  and 
the i r  in te rac t ion  wi th  o ther  sca les  of motion. Since the time and 
length scales  of convective sys tems are r e l a t ive ly  small, special  
observational networks should be establ ished to  provide data  for  
these  experiments. Data  from pro jec ts  SESAbE and HIPLEX and fu ture  
AVE experiments should be especially useful. 
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APPENDIX 
Rawinsonde S ta t ions  Pa r t i c ipa t ing  in  h a  I V  Experiment 
Incat ion 
Tampa, Flor ida 
Charleston, South Carolina 
Waycross,  Georuia 
Apalachicola,  Florida 
Centervi l le ,  Alabama 
Boothville,  Louisiana 
Jackson,  Mississippi 
Lake Charles, Louisiana 
Shreveport,  Louisiana 
Vic tor ia ,  Texas 
Stephenvi l le ,  Texas 
D e l  Rio,  Texas 
Midland,  Texas 
Hatteras,  North Carolina 
Athens,.Georgia 
Greensboro, North Carolina 
Nashville,  Tennessee 
L i t t l e  Rock, Arkansas 
Amarillo, Texas 
Monette, Missouri 
Wallops Island, Virginia 
Ster l ing,  Virginia  ( D u l l e s  Airport)  
Huntington, West Virginia  
Dayton, Ohio 
Salem, I l l i n o i s  
Dodge City.  Kansas 
Fort  Tot ten,  N e w  York (Kennedy Airport)  
Topeka,  Kansas 
Albany, New York 
Pittsburgh,  Pennsylvania 
Buffalo, New York 
P e o r i a ,   I l l i n o i s  
Omaha, Nebraska 
North P l a t t e ,  Nebraska 
F l i n t ,  Michigan 
Portland, Naine 
Green Bay, Wisconsin 
Huron, South Dakota 
Rapid City,  South Dakota 
S t .  Cloud,  Minnesota 
Marshall Space Flight Center,  Alahama 
For t  S i lL ,  Oklahoma 
